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This  dissertation  presents  experimental  studies  on  the 
energy  storage  characteristics  of  excited  metastable  species 
and  theoretical  analysis  of  optical  energy  extraction  schemes 
based  on  stimulated  two  photon  transitions.^ 

Metastable  states  of  atoms  and  molecules  have  recently 
received  attention  as  optical  energy  storage  media  for  poten- 
tial high  power  laser  applications.  The  large  energy  capacity 
and  long  lifetime  of  metastable  states  offer  attractive  pro- 
perties for  generating  high  energy  optical  pulses  for  laser 
fusion  and  photochemical  studies. 

Recent  experimental  results  on  the  metastable  states  of 
molecular  mercury  illustrate  some  of  the  important  properties 
of  energy  storage  in  a gaseous  medium.  In  particular,  colli- 
sional  deactivation  of  excited  metastable  species  by  mutual 
two-body  quenching  and  by  molecular  formation  are  discussed 
in  relation  to  storage  limitations.  The  measured  quenching 

rate  constant  in  the  mercury  dimer  system  suggests  a maximum 

17  -3 

storage  density  on  the  order  of  10  cm  with  a lifetime  of 
0.1  microsecond,  which  corresponds  to  an  optical  energy  capa- 
city of  50  joules  per  liter. 

The  optical  extraction  of  energy  stored  in  an  inverted 
metastable  system  using  stimulated  two  photon  transitions 


offers  nonlinear  characteristics  not  available  in  the  ordinary 


laser  amplifiers.  Since  the  extraction  efficiency  is  an 
important  amplifier  parameter,  the  growth  of  an  optical  pulse 
in  the  steady-state  approximation  is  investigated  theoretically 
including  the  saturation  of  the  medium.  Analytical  expres- 
sions for  the  extraction  efficiency  of  an  ideal  two-photon 
emission  amplifier  are  derived. 

The  feasibility  of  two  photon  amplifier  is  discussed  with 
two  proposed  systems  in  atomic  mercury  and  atomic  iodine. 

The  semi-empirical  methods  of  gain  calculation  are  described 
for  the  near-resonance  case  and  the  non-resonant  case.  The 
use  of  spherical  tensor  operator  algebra  and  the  evaluation 
of  electric  dipole  matrix  elements  in  the  intermediate  angular 
momentum  coupling  scheme  are  discussed.  The  experimental 
requirements  for  the  proposed  systems  based  on  the  calculated 
gains  indicate  that  the  currently  available  pumping  methods 
and  trigger  laser  sources  may  lead  to  a demonstration  of  two 
photon  amplification  and  energy  extraction. 


iv 


f 


1 


St 

1 


i 

f 


\ 

<■ 

A 

F 

b 


F 

i 


\ 

I 

\ 


ACKNOWLEDGEMENTS 


I would  like  to  thank  all  those  who  have  contributed  to 
the  successful  completion  of  this  work.  In  particular,  I 
gratefully  thank  Professor  Robert  L.  Byer  for  suggesting 
the  research  topics  and  providing  constant  encouragement 
with  dynamic  enthusiasm  and  expert  guidance.  His  creative 
insight  and  lucid  explanation  continue  to  stimulate  my 
interest  in  the  physical  sciences  and  help  to  develope 
mature  understanding  and  professional  skills.  The  experi- 
ence gained  under  his  guidance  will  surely  be  an  invaluable 
part  of  my  graduate  education. 

I wish  to  express  my  gratitude  to  Dr.  Richard  L.  Herbst 
for  his  technical  assistance  on  innumerable  occasions  and 
for  sharing  interest  in  my  work.  His  engineering  ingenuity 
is  an  inspiration  for  inventive  solutions  to  design  problems. 
I would  also  like  to  thank  Professor  S.  E.  Harris  for  useful 
discussions  on  some  of  the  theoretical  aspects  of  this  work 
during  the  early  part  of  my  research.  Many  thanks  are  due 
to  the  students  in  the  quantum  electronics  group  for  their 
support,  cooperation,  and  friendship. 

I gratefully  acknowledge  Professor  A.  E.  Siegman  and 
Professor  M.  Weissbluth  for  their  critical  reading  of  the 
manuscript . 


j 

! 

1 


V 


My  thankful  acknowledgement  extends  to  the  technical 
staff  of  the  Ginzton  Laboratory:  Ben  Yoshizumi  provided  the 
expertise  in  high  voltage  electronics  and  numerous  other 
skills;  and  George  Kotler  prepared  a number  of  nonlinear 
optics  crystals.  Paul  Constantinitis  of  the  Student  Machine 
Shop  patiently  instructed  me  the  proper  use  of  the  tools  and 
the  techniques.  The  glassblowing  and  other  specialized 
services  rendered  by  Frank  Peters  of  the  SEL  Tube  Shop  are 
also  appreciated. 

I am  truly  indebted  to  Mary  Farley  for  her  generous  and 
expert  assistance  in  typing  this  manuscript.  Her  cheerful 
support  and  friendship  helped  the  task  of  completing  this 
dissertation.  I am  also  appreciative  of  Norm  Bettini  and 
his  staff  for  providing  the  drafting  services. 

To  my  parents,  Mr.  and  Mrs.  Shoji  Komine,  I owe  many 
thanks  for  sharing  interest  in  my  higher  education  and  giving 
constant  encouragement  for  my  /ocational  goals  with  enthusi- 
astic support  and  understanding.  Finally,  I owe  special 
thanks  to  my  wife,  Yuriko,  for  her  love,  understanding,  and 
patience  during  the  course  of  my  graduate  studies  at  Stanford. 


- vi  - 


TABLE  OF  CONTENTS 


Page 


Page 


IV.  PROPOSED  SYSTEMS  AND  FEASIBILITY  ANALYSIS 68 

A.  Introduction 68 

B.  Atomic  Mercury  ASRS  Frequency  Up- 

Converter 69 

1.  Population  Inversion  and  Storage 

Mechanism 69 

2.  Two  Photon  Gain  Calculations 72 

C.  Atomic  Iodine  TPE  and  ASRS  Amplifier 86 

1.  Iodine  System 86 

2.  Non-Resonant  Two  Photon  Gain 88 

3.  Experiment 93 

V.  CONCLUSION 99 

APPENDICES 

A.  OPTICALLY  PUMPED  Hgg  STUDIES 102 

B.  OPTICALLY  PUMPED  ATOMIC  MERCURY  PHOTO- 
DISSOCIATION LASER 113 

C.  POLARIZATION  PROPERTIES  OF  TWO  PHOTON 

TRANSITIONS 117 


D.  REDCUED  MATRIX  ELEMENT,  SPONTANEOUS  EMISSION 
RATE,  AND  OSCILLATOR  STRENG'^H  IN  TWO  PHOTON 
TRANSITIONS 131 


- viii  - 


I 


Page 


E.  PROPOSED  ATOMIC  MERCURY  ANTI -STOKES 
FREQUENCY  CONVERTER 

REFERENCES 


142 

145 


i 

I 

I 


r 


LIST  OF  FIGURES 

1.  Radiative  decay  of  metastable  states  : 

a)  intercombination  electric  dipole  (El) 
transition  with  a change  in  parity; 

b)  magnetic  dipole  (Ml),  electric  quad- 
rupole  (E2),  and  two-photon  emission 
(TPE)  transitions  with  no  parity 

change  

2.  One  and  two  photon  energy  extraction  schemes: 

a)  ordinary  one  photon  laser  transition  at  ; 

b)  stimulated  TPE  amplification  at  and  ! 

c)  stimulated  ASRS  amplification  at  co^ 

3.  Two-level  system  for  two  photon  extraction 

analysis 

4.  Ideal  TPE  amplifier  extraction  efficiency  vs 

normalized  input  (trigger)  photon  flux  at 
for  rg  = exp(-lO) 

5.  Ideal  TPE  amplifier  extraction  efficiency  vs 

normalized  input  (trigger)  photon  flux  at  u)^ 
for  = exp(-5) 

6.  Ideal  degenerate  (co^  = Wg)  TPE  amplifier 

extraction  efficiency  vs  normalized  input 
photon  flux 


I 

I 

Page  ■ 


11 


35 


37 


59 


62 


X 


Page 


7.  Energy  level  structure  for  two  photon  gain 
medium : 

a)  intermediate  states  |k>  above  the 

energy  storage  state  |b>  ; 

b)  intermediate  states  |k>  below  |b>  in 
which  radiative  decay  from  |b>  to  |k> 

is  allowed 66 

8.  Abbreviated  energy  level  diagram  of  atomic 

mercury  for  ASRS  amplifier 70 

9.  ASRS  cross-section  vs  incident  (trigger) 
photon  energy  ha)^^  for  the  Hg  (6^P° 

transition 77 

10.  ASRS  cross-section  vs  incident  photon  energy 

fiWj  for  the  Hg  (6^P°  =*  6^P°)  transition 78 

11.  ASRS  cross-section  vs  incident  photon  energy 

for  the  Hg  (6^P°  =*•  6^P°)  transition 79 

12.  Abbreviated  energy  level  diagram  of  atomic 

iodine  for  TPE  and  ASRS  amplifier 87 

13.  Photolytic  production  of  population  inversion 
in  atomic  iodine  system: 


- xi  - 


Page 


a)  Photolysis  of  C^P^I  with  266  nm 
radiation  and  optical  gain  at  the 
1.315  y m transition; 

b)  schematic  TPE  and  ASRS  amplification 
and  energy  extraction  in  the  iodine 

system 94 


LIST  OF  TABLES 


Page 


I.  Ideal  TPE  Amplifier  Parameters 64 

II.  The  Values  of  Rj^  for  Mercury 75 

III.  ^^^/‘^^^ASRS  1-064  ym  and  10.6  ym 

for  Hg  (6^P°  - 6^P°) 81 

IV.  (da/dn).j,pg  at  1.064  ym  and  10.6  ym 

for  Hg  (6^P°  ^ 6^P°) 83 

V.  Two  Photon  Gain  Coefficients  at  1.064  ym 

and  10.6  ym  for  Hg  (6^P°  =>■  6^P°) 84 


VI.  I ^^3/2^  ■ (do/dO)  and  Intensity 

Gain  Coefficient  6 


xiii 


I 


CHAPTER  I 

INTRODUCTION 

This  dissertation  presents  experimental  studies  on  the 
energy  storage  characteristics  of  excited  metastable  species 
and  theoretical  analysis  of  optical  energy  extraction  schemes 
based  on  stimulated  two  photon  transitions. 

Metastable  states  of  atoms  and  molecules  have  recently 
received  attention  as  optical  energy  storage  media  for  poten- 
tial high  power  laser  applications.  The  large  energy  capacity 
and  long  lifetime  of  metastable  states  offer  attractive  pro- 
perties for  generating  high  energy  optical  pulses  for  laser 
fusion  and  photochemical  studies.^ 

The  energy  storage  characteristics  of  metastable  systems 

at  high  population  inversion  densities  of  interest  depend  on 

two  decay  processes.  They  are  stimulated  radiative  decay 

by  amplified  spontaneous  emission,  or  superfluorescence, 

and  non-radiative  loss  mechanisms.  Chapter  II  examines  the 

effect  of  the  two  decay  processes  on  the  storage  capacity 

and  lifetime  as  well  as  on  the  scaling  properties.  Recent 

experimental  results  on  the  metastable  states  of  molecular 

mercury  illustrate  some  of  the  important  properties  of 

2 

energy  storage  in  a gaseous  medium.  In  particular  colli- 
sional  deactivation  of  excited  metastable  species  by  mutual 
two-body  quenching  and  by  molecular  formation  are  analyzed. 


1 


The  optical  extraction  of  stored  energy  normally  uses 
a laser  transition  at  a frequency  within  the  gain  bandwidth 


1 


of  the  inverted  medium.  An  alternative  to  this  approach 
involves  stimulated  two  photon  transitions  when  such  transi- 
tions are  permitted. 

The  concept  of  a two-photon  laser  was  first  introduced 

3 4 

by  Sorokin  and  Braslau  in  1964,  and  by  Prokhorov  in  1965. 

5 

Several  years  later  Letokhov  also  proposed  amplification 
by  stimulated  two-photon  emission.  Despite  these  early  pro- 
posals the  two  photon  energy  extraction  schemes  did  not 

receive  much  attention  until  its  nonlinear  properties  were 

0 

recognized  for  potential  applications  in  laser  fusion. 

Chapter  III  presents  the  elements  of  the  theory  of  two  photon 
amplification  and  investigates  the  energy  extraction  effi- 
ciency including  the  saturation  of  the  active  medium. 

Chaper  IV  describes  two  proposed  systems  in  atomic 
mercury  and  iodine  and  discusses  experimental  feasibility 
of  each  system.  Frequency  up-conversion  in  Hg  using  anti- 
Stokes  Raman  scattering  illustrates  the  near-resonance 

7 

enhancement  of  two  photon  gain.  The  atomic  iodine  system 

represents  a non-resonant  gain  medium  for  stimulated  two- 

6 8 

photon  emission  and  anti-Stokes  Raman  scattering.  ’ 

Chapter  V summarizes  the  findings  of  this  work.  The 
implications  of  storage  limitations  and  the  prospects  of 
demonstrating  a two-photon  laser  are  discussed. 
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CHAPTER  II 


ENERGY  STORAGE  IN  METASTABLE  STATES 


A.  INTRODUCTION 

The  metastable  states  of  atoms  and  molecules  have 
been  considered  for  producing  high  densities  of  a long- 


lived  inverted  medium  for  energy  storage  with  potential 


applications  in  high  power  laser  systems.  The  atomic 


9 , 10  2 2 

iodine  laser  which  operates  on  the  P-, /o  - Po/o  tran- 


sit  ion  is  a demonstrated  example  of  energy  storage  and 
optical  extraction  from  a metastable  state.  This  chapter 
describes  various  types  of  metastable  states  and  the  decay 
properties  that  determine  the  energy  storage  characteristics. 
Some  of  the  representative  characteristics  of  metastable 
states  are  illustrated  with  data  on  atomic  iodine  and  recent 
experimental  results  on  molecular  mercury.  The  details  of 
the  Hg2  experiments  are  presented  in  Appendices  A and  B, 


B.  CLASSIFICATION  OF  METASTABLE  STATES 
1 . Atoms 


The  metastable  states  of  excited  atoms  arise  from  a 
lack  of  strongly  allowed  radiative  decay  channels  for  returning 
to  the  ground  state.  Since  the  strength  of  radiative  tran- 
sitions depends  on  the  matrix  elements  of  the  radiative  inter- 
action, strongly  allowed  transitions  occur  between  states  with 
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non-vanishing  matrix  elements  of  the  electric  dipole  operator. 
The  geometrical  factor  in  the  matrix  element  gives  the  selec- 
tion rules  for  strongly  allowed  transitions.  The  general 
selection  rules  for  the  total  electronic  angular  momentum,  J , 
and  its  components,  M , are  given  by 

AJ  = 0 , ±1  ; J = 0 4^  J'  = 0 

AM  = 0 , ±1 

Parity  change  (2,1a) 

For  states  described  by  the  L-S  coupling  scheme  the  orbital 
and  the  spin  angular  momentum  quantum  numbers  change  according 
to 

AL  = 0 , ±1  and  AS  = 0 . (2.1b) 

Radiative  transitions  between  states  that  do  not  satisfy 

the  selection  rules  generally  have  many  orders  of  magnitude 

smaller  transition  probabilities.  Such  transitions  in  fluo- 

12 

rescence  spectra  are  historically  called  "forbidden  lines". 
When  the  forbidden  lines  constitute  the  only  radiative  decay 
channels  an  excited  state  may  be  considered  metastable. 

Since  the  selection  rules  for  electric  dipole  transitions 
are  derived  from  the  angular  momentum  quantum  numbers  in  the 
Russel 1-Saunders  (L-S  coupling)  case,  weakly  allowed  tran- 
sitions basically  result  from  a higher  order  electromagnetic 
interaction  or  a slight  departure  from  the  L-S  coupling 
scheme.  Thus,  a metastable  state  may  be  classified  according 
to  the  mechanism  that  enables  radiative  decay.  For  example, 
multipole  electromagnetic  interaction  in  the  L-S  coupling 

- 4 - 
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scheme  leads  to  metastable  states  that  can  decay  without  i 

parity  change  by  magnetic  dipole,  electric  quadrupole,  or 

two  photon  interactions.  Except  for  the  parity  change  and 

AL=±1  rules  magnetic  dipole  transitions  obey  Eqs.(2.1a)  and  ! 

(2.1b).  However,  electric  quadrupole  transitions  are  governed 

by  different  restrictions  on  J 

AJ  = 0,  ±1,  ±2  : J + J’  > 2 (2.2) 

In  contrast  the  general  selection  rules  for  two  photon  tran- 
sitions in  the  electric  dipole  approximation  are  given  by 

AJ  = 0 , ±1  , ±2 
AM  = 0 , ±1  , ±2 

No  parity  change  (2.3a) 

Additional  selection  rules  in  the  L-S  coupling  scheme  are 

AL  = 0 , +1  , ±2 

and  AS  = 0 (2.3b) 


In  heavier  elements  a small  departure  from  the  L-S 
coupling  due  to  spin-orbit  interaction  allows  AS  ^ 0 inter- 

3 

system  (intercombination)  transitions.  The  states  of 

atoms  with  two  outer  electrons  belong  to  this  type  of  meta- 
stable states.  Another  type  of  departure  from  the  L-S  cou- 
pling scheme  arises  from  the  hyperfine  interaction  between  the 
nuclear  spin  t and  the  electronic  angular  momentum  J.  Meta- 
stable states  that  decay  due  to  hyperfine  perturbation  may 

I 

violate  the  J=0  •4*-  J'=0  selection  rule  of  Eq.(2.1a)  i 
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since  the  selection  rules  in  the  (IJFMp)  coupling  scheme 
are  given  by 

AF  = 0 , ±1  ; F = 0 4^  F’  = 0 

and  AMp=  0 . +1  . (2.4) 

The  2656  A transition  in  the  odd  isotopes  of 

mercury  atoms  is  an  example  of  electric  dipole  decay  via 

13 

hyperfine  interaction  and  spin-orbit  interaction. 

2 . Diatomic  Molecules 

The  metastable  states  of  diatomic  molecules  arise  from 

the  similar  restrictions  that  prevent  the  radiative  decay  of 

metastable  atoms.  However,  since  molecules  have  more  degrees 

of  freedom,  metastable  states  are  characterized  by  a larger 

14 

set  of  quantum  numbers. 

In  the  Born-Oppenheimer  approximation,  the  molecular 
states  are  specified  by  the  electronic,  vibrational,  and 
rotational  wave  functions  with  the  corresponding  quantum 
numbers.  The  angular  momentum  of  the  electronic  state  is 
defined  as  the  component  of  the  angular  momentum  vector  along 
■ the  internuclear  axis.  The  orbital  component  of  L is  defined 

j by  A = [Mj^I  , and  the  spin  component  of  ^ is  given  by  E = Mg 

The  total  electronic  angular  momentum,  0.  , is  defined  by 
the  absolute  value  of  the  sum  of  A and  E . This  (A  , S) 
coupling  is  similar  to  the  Russel 1-Saundors  case  in  that  the 
interaction  between  the  orbital  and  the  spin  components  is 
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assumed  to  be  small.  In  analogy  with  the  atomic  nomenclature 

2S+1 

the  molecular  states  are  denoted  by  ^ fi  ' 

When  spin-orbit  interaction  is  large  A and  Y.  are  no 

14 

longer  well  defined,  and  only  retains  its  meaning. 

Such  angular  momentum  states  are  denoted  only  by  fi  following 
Mulliken. 

The  symmetry  properties  of  a molecule  leads  to  additional 
labels  for  each  electronic  wave  function.  For  example,  for 
the  special  case  of  the  Z states  the  electronic  wave  function 
is  labeled  if  the  phase  does  not  change  under  the  reflec- 
tion of  the  coordinates  of  all  electrons  about  a plane  con- 
taining the  internuclear  axis;  if  a phase  change  occurs  the 

electronic  wave  function  is  labeled  L'~  . Similarly,  for 
electronic  states  described  only  by  n the  Q = 0 states  have 
0^  and  0 labels. 

In  homonuclear  molecules  the  inversion  symmetry  of  the 
electronic  wave  function  about  the  midpoint  of  the  molecule 
introduces  even  (gerade,  g)  and  odd  (ungerade,  u)  states 
independent  of  the  angular  momentum  coupling  scheme.  If  the 
phase  of  the  electronic  wave  function  changes  under  the  inver- 
sion of  the  coordinates  of  all  electrons  the  state  is  labeled 

odd;  if  the  phase  is  invariant  under  the  inversion  operation 

the  state  is  labeled  even. 

The  general  selection  rules  for  electric  dipole  transi- 
tions between  the  electronic  states  of  a diatomic  molecule 


1 i 
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are  given  by 


AJ  = 0 , ± 1 
J = 0 4^  J'  = 0 


(2.5) 


where  J refers  to  the  total  angular  momentum.  For  homo- 
nuclear  molecules  the  additional  symmetry  selection  rules 


are  given  by 


g^u.g-^g.u-^-u 


(2.6) 


In  the  (A  , S)  coupling  scheme  the  electric  dipole 
selection  rules  are  supplemented  by 


AA  = 0 , + 1 , 

AS  = 0 , 

Af2  = 0 , ± 1 , 

n = 0 = 0 for  AJ  = 0 , 

Z”  , E"  . 


(2.7) 


As  in  the  atomic  case  metastable  molecular  states  do 

not  satisfy  the  selection  rules  given  by  Eqs.(2.5),  (2.6), 

and  (2.7)  and  may  be  classified  according  to  the  mechanisms 

that  enable  radiative  decay.  Metastable  molecular  states 

that  decay  by  a higher  order  electromagnetic  interaction 

within  the  (A  , S)  coupling  scheme  involve  magnetic  dipole 

and  electric  quadrupole  transitions.  The  magnetic  dipole 

14 

transitions  are  governed  by 

AJ  = 0 , ± 1 , 


J = 0 4-  J’  = 0 , 

g-^->g,u-»-*u,g4u- 


(2.8) 


where  the  symmetry  selection  rules  apply  to  homonuclear 


molecules . 
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The  electric  quadrupole  transitions  have  the  same 
synunetry  rules  as  Eq.  (2.8)  , but  different  restrictions 
apply  to  the  quantum  number  J : 

AJ  = 0 , ± 1 , ± 2 

0^0  , , l-^-O  (2.9) 

When  only  is  defined,  the  selection  rules  for  the 

allowed  transitions  are  given  by 

An  = 0 , +1 

++-_+_ 

0-<->0  , 0 0 , 0 O (2.10) 

The  lowest  excited  states  of  diatomic  mercury,  Hgg  , are 

12 

examples  of  molecular  states  defined  by  n . The  335  nm- 

band  emission  of  Hg2  (ly  0^)  derives  its  transition 

3 1 

moment  from  the  atomic  Hg(  -»■  Sq)  intercombination 
transition  at  253.7  nm.  Thus,  a significant  departure 
of  the  Hg  atomic  states  from  the  L-S  coupling  scheme  is 
reflected  in  the  breakdown  of  the  (A  , S)  coupling  in  the 
molecular  states  of  Hg2  . 

C.  ENERGY  STORAGE  LIFETIME  AND  CAPACITY 
1 . Introduct ion 

Energy  storage  for  high  power  laser  applications  requires 
high  densities  of  metastable  states.  The  lifetime  of  meta- 
stable states  depends  not  only  on  the  intrinsic  radiative 
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decay  but  also  on  the  externally  induced  loss  mechanisms 
such  as  collisional  deactivation  and  molecular  formation. 
This  section  presents  a brief  summary  of  spontaneous 
radiative  decay  rate  for  various  types  of  metastable  states 
and  examines  population  inversion  density  limitations 
imposed  by  stimulated  one  photon  emission  and  non-radiative 
loss  mechanisms.  Scaling  properties  are  also  discussed. 

2 . Spontaneous  Radiative  Decay 

From  the  description  of  the  kinds  of  metastable  states 
in  Section  B the  basic  radiative  decay  mechanisms  are  either 
weakly  allowed  electric  dipole  transitions  due  to  angular 
momentum  perturbation  or  higher  order  electromagnetic  inter- 
actions involving  one  and  two  photon  transitions.  The  two 
cases  are  distinguished  by  an  important  selection  rule  on 
parity  as  illustrated  in  Fig.  1.  In  Fig.  la  the  spontaneous 

electric  dipole  transition  rate  from  state  |y  to  |y'  J'> 
1 fi 

is  given  by 


A(yJ  ^ Y'J' 


1 


2 J + 1 


<yJI| 


2 


and 


(2.11) 


(2.12) 


i 


» 

! 
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( 


(a)  (b) 


Fig,  I — Radiative  decay  of  metastable  states: 

(a)  Intercombination  electric  dipole  (El) 
transition  with  a change  in  parity; 

(b)  magnetic  dipole  (Ml),  electric 

« quadrupole  (E2),  and  two-photon  emission 

(TPE)  transitions  with  no  parity  change. 
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r” 

where  is  the  transition  frequency  in  radians-sec 

The  reduced  matrix  element  of  determines  the  strength 

of  the  transition.  For  intercombination  transitions  the 
reduced  matrix  element  is  a small  fraction  of  that  of  the 
corresponding  strongly  allowed  transition  as  determined  from 
the  amount  of  admixture  of  CSLJMj)  basts  functions.  The 
ratio  of  transition  rates  for  an  intercombination  line  and 

the  corresponding  allowed  transition  typically  ranges  from 

-2  -7  12 

about  2 X 10  for  mercury  to  6 x 10  for  magnesium. 

O 

Since  allowed  transition  rates  are  of  the  order  of  10  to 
9 -1 

10  sec  , the  intercombination  decay  rates  are  approximately 

10^  sec~^  for  Hg  and  2 x 10^  sec~^  for  Mg.  The  large 

variation  in  the  intercombinatton  transition  rate  is  due 

to  a larger  spin-orbit  interaction  and  the  increasing 

departure  from  the  L-S  coupling  in  the  heavier  elements. 

Hyperfine  interaction  in  atoms  with  non-zero  nuclear 

spin  has  been  suggested  as  a possible  mechanism  for  certain 

13  17 

forbidden  transitions.  ’ However,  the  effect  is 
generally  very  small,  and  only  in  certain  cases  calculations 
yield  transition  rates  approaching  those  of  spin-orbit 
induced  intercombination  transitions. 

In  case  (b)  of  Fig.  1 higher  order  electromagnetic 
interactions  are  responsbile  for  radiative  decay.  The 
important  one  photon  multipole  transitions  are  magnetic 
dipole  (Ml)  and  electric  quadrupole  (E2)  interactions.  The 


12 


transition  rate  formulas  are  given  as  follows; 
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A(  yJ  -*■  Y ' J ' ) 


+ 1 \3  h c! 


Ml 


2J 


<yJ||  p„||y’J'> 


and 


where  pg  is  the  Bohr  magneton  . 


(2.13) 


(2.14) 


A(yJ  -»■  y' J'  ) 


E2 


T l< 

2J  + 1 \ 15  h c^/  ^ ' 

n mm' 


Y J mlQ^  I Y ' J'm'> 


q ,m  ,m 


(2.15) 


where  the  q-th  component  of  the  electric  quadrupole 
operator,  Q , is  given  in  terms  of  the  spherical  harmonics, 


E ^i  ^2  q ‘^i'> 


(2.16) 


A comparison  of  Eqs.(2.11),  (2.13),  and  (2.15)  shows 
that  the  relative  transition  rates  are  roughly  given  by 

''eI  ■ ''mi  ' *£2  ' ' ' 

(2.17) 

where  a^  is  the  Bohr  radius,  and  A is  the  wavelength. 

Thus,  the  relative  lifetimes  are  abou^  10~®  : 10~^  : 1 sec. 
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Metastable  states  that  cannot  radiate  by  one  photon 


multipole  interaction  may  decay  by  a simultaneous  emission 
of  two  photons  with  energies  hw^  and  hwg  • The  restric- 
tion on  the  photon  energies  is  that  the  sum  must  be  equal 
to  the  transition  energy  as  indicated  in  Fig.  lb.  Thus, 
spontaneous  emission  is  characterized  by  a continuum  spectra 

from  near-zero  frequency  to  . The  mechanism  for  this 

18 

radiative  process  was  first  analyzed  by  Ooeppert-Mayer 

as  a second-order  perturbation  on  the  transition  rate.  In 

the  electric  dipole  approximation,  exp(ikr)  =1  , the  two- 

1 G 

photon  emission  rate  from  |b>  to  [a^  is  given  by 


W 


(2)  ^ 
ba 


7T  gj^  0)^  WgCn^  + l)(n2  + 1) 


2 


(L^)2  (2J^  + 1) 


EE'”.,: 


M.  M 
b a 


(2.18a) 


where 


1.2 


^^2^ak^^l^kb  ^ ^ ^l^ak^^2^kb 


h(a3kb  + <^l) 


h(a)kb  + u)2) 


and 


(2.18b) 


gL  = 6(u)q  - a)j  - 0)3) 


(2.18c) 


In  Eq.(2.18a)  n^^  and  n2  are  the  photon  occupation  numbers 

3 

for  and  , respectively,  and  L is  the  quantization 
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T 


volume.  The  matrix  elements  in  Eq.(2.18b)  are  the  usual 


^ ^ "4*  ^ 

electric  dipole  matrix  elements  of  ^ 


the  polarization  of  the  photon  at 


The  spontaneous  two-photon  emission  rate,  A 


TPE 


, IS 


,(2), 


obtained  by  multiplying  density  of 


modes,  p(a))  , for  and  Wg  and  integrating  over  all  fre- 
quencies and  angles. 


,TPE 


ba 


/ 


W. 


(2) 


ba  P(‘^2^  ^*^1  ^^^2  *^^1  ^^2  (2.19a) 


where 


p(a)jj^)  = 2 


/ T \3  2 

a? 


(2.19b) 
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Breit  and  Teller  evaluated  the  integral  and  the  summation 


in  Eq. (2.18b)  for  the  metastable  2S  states  of  hydrogen  and 

-1 


obtained  a rate  of  between  6.5  and  8.7  sec 


Shapiro  and 


Breit  improved  and  extended  the  calculation  to  the  2S  states 


20 


of  hydrogenic  atom.s.  For  small  values  of  the  nuclear  proton 


number,  Z,  they  obtained  = (8.226  ± 0.001)  sec 


21  1 
Dalgarno  treated  the  metastable  2 state  of  helium 


TPE  -1 

and  obtained  A =51.3  sec  and  the  two-photon  emission 


spectral  distribution. 


Spontaneous  two-photon  emission  has  been  detected  in 


+ 2 22 

He  (2  S)  by  Lipeles  et . al . , and  the  two-photon  emission 


1 23 

spectrum  of  Ne  IX  (2  S)  has  been  observed  by  Elton  et.  al . 
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If  >>  1 or  >>  1 the  two-photon  transition 
rate  is  increased  considerably  over  the  spontaneous  rate. 

This  condition  is  referred  to  as  the  enhanced  two-photon 

emission.  Such  effect  has  been  observed  in  the  potassium 

2 2 24 

6 S - 4 S transition  by  Yatsiv,  Rokni,  and  Barak.  En- 

3 1 

hanced  two-photon  emission  in  the  mercury  6 - 6 

25 

transition  has  been  reported  by  Fornaca  et . al.  In  both 
cases  a high  power  laser  provided  the  source  of  intense 
radiation  for  creating  n^  >>  1. 

If  n^^  >>  1 and  >>  1,  stimulated  two-photon  tran- 
sition rate  may  become  comparable  to  that  of  strongly  allowed 
transitions.  For  a non-inverted  medium  this  condition  leads 
to  two-photon  absorption  (TPA)  from  |a>  to  |b>  . However, 
in  an  inverted  metastable  system  n^^  >>  1 and  ng  >>  1 lead 
to  stimulated  two-photon  emission  with  optical  gain  at  both 
and  Wg-  The  optical  gain  at  the  TPE  frequencies  is  the 
basis  of  two  photon  amplifiers  discussed  in  Chapter  III. 

3 . Population  Inversion  and  Superfluorescence 

An  inverted  population  in  a metastable  state  is  one  of 
the  requirements  of  energy  storage  for  lasers  and  amplifier 
systems.  Pumping  mechanisms  for  creating  population  inver- 
sion in  metastable  states  vary  from  one  system  to  another, 
but  all  systems  have  common  requirements  of  a long  storage 
lifetime  relative  to  optical  extraction  pulse  length  and  a 
large  energy  storage  capacity.  This  section  considers  the 


i ' 
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effect  of  stimulated  emission  on  the  energy  storage  capacity 
of  an  inverted  metastable  system.  The  actual  pumping  mech- 
anisms are  described  in  Chapter  IV  for  specific  systems. 

Here,  a population  inversion  is  assumed  for  a two-level  meta- 
stable system  which  has  a net  optical  gain  at  the  transition 
frequency . 

In  an  inverted  medium  spontaneously  emitted  radiation 
may  be  amplified  by  stimulated  emission  according  to  the 
following  equation  which  describes  the  intensity  growth  in 
the  unsaturated  case.^^ 

dl(z) 

= Y I(z)  - al(z)  + nY  (2.20) 

dz 

where  y is  the  gain  per  unit  length,  and  a is  the  loss 
per  unit  length.  The  parameter  n is  a geometry  dependent 
constant  which  describes  the  intensity  contribution  from 
spontaneous  emission.  Since  the  unsaturated  gain  is  assumed 
to  be  constant  for  a uniform  gain  medium,  direct  integration 
of  Eq.(2.20)  yields  the  solution  for  I(z). 


I(z)  . 1(0)  t - 1 

(Y  - a)  L 


(2.21) 


where  1(0)  is  the  input  signal  intensity  at  z = 0. 
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Since  1(0)  0 for  amplification  of  spontaneous  emission, 

Eq.  (2.21)  reduces  to 


n Y 

I(z)  = 

(Y  “ a) 


.(Y  - a)z 


- 1 


(2.22) 


This  intensity  growth  is  called  superfluorescence. 

The  parameter  n for  a gain  medium  of  length  I and 

2 

a cross-sectional  area  of  w may  be  calculated  as  follows. 
In  a cross-sectional  slab  of  thickness  6 Z spontaneously 
emitted  power,  5P  , due  to  6N  number  of  excited  species 
is  given  by 

6P  = 6N  hvA 

= 6N  hv/tgp^^^  (2.23) 


where 
6 N 
w 6 Z 


t 4.  is  the  spontaneous  emission  lifetime.  Since 
spont 

♦ 

is  equal  to  the  excited  state  density,  n , times 
,the  intensity  of  radiation  through  the  slab  is 


61  = 6P/w^ 

= n*hvA6Z 


(2.24) 


A fraction  of  the  emitted  radiation  that  can  be  amplified  by 
the  full  length  of  the  gain  medium  is  (6n/4iT)  , where 

2 

is  the  solid  angle  which  is  approximately  equal  to  (v/i) 
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Therefore,  the  intensity  growth  due  to  spontaneous  emission 
in  one  direction  is  given  by 


Hence , 


n Y 


(2.25) 


1 n*hvA 

n = I — I (2.26) 

8 -n  \ I / y 


where  a is  the  stimulated  emission  cross-section,  and  t 
is  the  upper  level  lifetime. 

If  amplified  spontaneous  emission  intensity  reaches 
Igat  ' gain  medium  can  radiate  most  of  the  stored  energy 

without  external  control.  This  undesirable  behavior  is 
present  in  many  high  power  gas  and  solid-state  laser  systems 


19 


and  limits  a controlled  mode  of  operation  to  a certain 
inversion  density  and  dimensions. 


The  inversion  density  at  which  superfluorescence 
reaches  saturation  can  be  estimated  by  equating  Eq.  (2.22) 
and  Eq.  (2.27).  Using  n from  Eq.  (2.26)  the  calculation 
yields 


(~) 


exp  [ (y  - a)2,]  - 1 


= 4 


spont 


(2.28) 

The  unsaturated  gain  y , may  be  expressed  as  a product  of 
o and  the  inversion  density  An  , and  thus  for  a relatively 
lossless  (a  <<  y)  gain  medium  with  An  < n the  above 
expression  simplifies  to 


■(t)  ^ 


spont 


exp( 0 A n t)  = 4 


(2.29) 

Eq.  (2.29)  assumes  that  exp(y!,)  is  much  larger  than  1. 

This  is  a good  approximation  since  yt  product  is  typically 

* 


10  to  20.  If  A n is  significantly  smaller  than  n 
right  hand  side  of  Eq.  (2.29)  must  be  multiplied  by  a 
factor  (An/n*)  , 


the 
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1 


A typical 
might  have  the 


gain  medium  consisting  of  metastable  states 
following  dimensions  and  lifetimes: 


£ 

~ 100 

cm 

w 

~ 1 cm 

^spont 

. 10-3 

sec 

T 

~ 10-6 

sec 

These  values  yield 

/.ox  20 

exp(0&nJl)  ~ e 


or 


ahnl  - 20 


(2.30) 


(2.31) 


(2.31b) 


which  is  a commonly  used  superfluorescence  saturation 
condition.  Because  superfluorescence  gain  is  exponential 
in  oAnJl,  Eq.  (2.31b)  is  not  sensitive  to  variation  in 
the  assumed  parameters.  Furthermore,  Eq.  (2.31b)  can  be 
modified  slightly  to  describe  the  lossy  case  (a  < y)  • The 
result  is 


I 


oAnpd  =!  !ln(p) 


(2.32) 
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where 


P 


1 


g 

oAn 


> 0 


(2.33) 


Thus,  for  example,  if  a/oAn  =0.9  , oAni  becomes  200. 

This  indicates  that  the  superf luorescence  saturation 
condition  can  be  increased  substantially  by  reducing  the 
net  gain. 

In  order  to  evaluate  the  inversion  density  limit  imposed 
by  superf luorescence  saturation  an  estimate  for  a is 
essential.  The  numerical  value  of  o may  be  obtained 
experimentally  or  calculated  from  a formula  given  by 


a(v) 


A c 


8itv 


g(v) 


(2.34) 


For  a homogeneously  broadened  transition  the  spectral  line- 
shape  factor,  g(v)  , is  a normalized  Lorentzian  function 
defined  by 


K(v) 


A V 

4(v  - (Av)^ 


(2.36) 
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where  the  peak  value  at  v = Vq  is  (2/tt)  times  the 
reciprocal  of  the  spectral  width  at  the  half  maximum 
points,  Av  . Using  Eq.  (2.34)  and  Eq.  (2.35)  the  peak 
value  of  a becomes 


A c 


2 2, 
4w  V Av 
o 


(2.36) 


The  stimulated  emission  cross-section  for  metastable 

states  can  now  be  calculated  if  A and  Av  are  available. 

14  9 

Using  Vq  = 6 X 10  Hz  and  Av  = 3 x 10  Hz  rough  estimates 

of  a for  two  different  types  of  metastable  states  in  Fig.  la 

and  lb  yield  the  following  results.  For  case  (a),  A ranges 
7 2 -1 

from  10  to  10  sec  , which  yields  a range  of  o from 
— 13  — 18  2 

10  to  10  cm  . For  case  (b)  A is  on  the  order  of 

3-1  -1 

10  sec  for  (Ml)  emission  and  1 sec  for  (E2)  emission 

-17  -20  2 

and  the  correspondong  values  of  o are  10  and  10  cm  . 

Atomic  iodine  is  an  example  of  the  case  (b),  and  the 
2 2 

P^y2  ” ^3/2  dipole  emission  cross-section  has  a 

— 1 8 2 10 

maximum  value  of  1.78  x 10  cm  . Using  Eq. (2.31b)  the 

superfluorescence  conditon  for  a 1 meter  gain  medium  gives 

17  -3 

An  on  the  order  of  10  cm  which  is  a typically  observed 
inversion  density  achieved  in  a flashlamp  pumped  photo- 
dissociation iodine  laser In  practice  superfluorescence 
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can  be  suppressed  by  an  order  of  magnitude  by  reducing  the 

27 

cross-section  with  line  broadening. 

An  example  of  a metastabie  system  belonging  to  case  (a) 
of  Fig.  1 is  the  l^j  - 0^  bound-continuum  transition  of 

O 4 

Hgg  . Recent  experiments  on  the  Hgg  metastable  system 

showed  that  a An  is  2.5+1.3x  10*"^  cm  ^ at  335  nm 
o 

14  -3 

with  a total  inversion  density  of  6 ± 3 x 10  cm  . The 

data  suggest  a superfluorescence  inversion  density  on  the 
19  -3 

order  of  10  cm  , but  stimulated  emission  appears  to  be 

prevented  by  a competing  transition  to  the  upper  states  of 
2 

the  molecule. 

In  summary,  superfluorescence  depletion  of  population 

inversion  suggests  a limit  on  the  metastable  state  inversion 

18  19  —3 

density  at  around  10  to  10  cm  for  a 1 meter  gain 
medium.  This  inversion  density  corresponds  to  an  energy 
storage  capacity  on  the  order  of  1 kilojoule  per  liter  in 
an  excited  vapor  of  metastable  species. 

4 . Non-Radiat ive  Loss  Mechanisms 

Collisional  effects  on  the  metastable  lifetime  become 

16  3 

significant  at  vapor  densities  of  greater  than  10  cm 
which  is  the  lower  limit  of  energy  storage  density  considered 
for  laser  applications.  Reactions  involving  two-  and  three- 
body  collisions  can  significantly  reduce  the  storage  duration 
and  place  a practical  limit  on  the  energy  capacity.  This 
section  examines  collisional  deactivation  mechanisms  and 
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rates  from  experimental  data  in  order  to  derive  realistic 
energy  storage  characteristics.  This  includes  several  key 
findings  from  a recent  experimental  analysis  of  Hg_  meta- 
stable  states,  which  is  presented  in  Appendix  A. 

The  most  common  type  of  collisional  deactivation  is  a 

two-body  reaction  involving  an  excited  raetastable  species 

* 

M and  a "quenching'  agent,  X,  which  may  be  an  atom  or  a 
molecule.  The  reaction  is  described  by 

M*+X  -^M  + X + AE  (2.37) 

The  parameter  kg  is  the  two-body  reaction  rate  constant 

★ 

v.'hich  determines  the  decay  rate  of  M according  to 


— [M*]  = - k„  [M*]  [X] 

dt  (2.38) 


The  rate  constant  can  be  expressed  as  a product  of  the 

2 

effective  quenching  cross-section,  Oq  , and  the  radiative 

OQ 

collision  speed.  ° 
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7 -1  -1 

where  R is  the  gas  constant  (8.3143  x 10  erg-K  -mole  ), 
T is  the  absolute  temperature,  and  m is  the  reduced  mass 
of  the  collision  partners  given  in  units  of  grams-mole”^ . 


(mM  + m^) 


(2.40) 


At  T = 300°K  typical  values  of  collision  speed  range  from 

4-1  5-1 

10  cm-sec  for  heavy  diatomic  molecules  to  10  cm-sec 

2 

for  light  atoms  and  molecules.  Since  is  typically  on 

the  order  of  molecular  dimensions,  the  rate  constnat,  is 


-19  -lO  3 -1 

on  the  order  of  10  to  10  cm-sec 


Experimental 


values  of  quenching  cross-sections  have  been  measured  for 
many  atomic  metastable  species  in  photochemical  reactions. 

3 

In  particular  quenching  of  the  metastable  Hg(  Pq  ^ ) atoms 

by  various  collision  partners  has  been  investigated 
28  29 

extensively.  ’ Some  of  the  representative  measured 

3 q2 

cross-sections  for  Hg(  P^)  are  6 A for  H2  , 0.19  A 

for  N2  , and  ~40  for  unsaturated  hydrocarbons. 

At  high  densities  of  excited  metastable  species  two- 

body  collisional  deactivation  can  occur  without  any  foreign 

quenching  agent.  The  process  involves  a reaction  of  two 

metastable  species  which  yields  a highly  excited  state  and  a 

ground  state  according  to 


M*  + M*  M**  + M + AE 


(2.41) 
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and 


dt 


[M*] 


- k*  [M*]^ 


(2.42) 


Experiments  with  optically  pumped  metastable  Hgg 

states  showed  that  the  above  mechanism  is  the  dominant 

* 15 

decay  process  at  Hgg  densities  greater  than  10  cm 

The  reaction  is  assumed  to  be 

* 


t * ^2 

Hg2  + Hgg  4 


Hg. 


** 


+ 2 Hg  + AE 


(2.43) 


* -10  3 - 

The  measured  rate  constant  was  kg  = (2  ± 1)  x 10  cm  -sec 

2 

with  the  corresponding  cross-section  of  a = (2.5  ± 1.3) 

-15  2 

X 10  cm  or  25  ± 13  . This  value  is  comparable  to 

the  mutual  collisional  deactivation  rate  for  atomic  Hg 
metastable  states. 

* 

The  reaction  rate,  kg  , can  be  much  smaller  than  the  gas 

kinetic  rate  if  the  reaction  in  Eq.(2.41)  is  endothermic. 

This  may  occur  for  atomic  metastable  states  that  have  less 

than  half  the  energy  of  the  next  higher  excited  state.  The 
2 

metastable  state  of  atomic  iodine  is  an  example  of 

this  case, and  the  mutual  two-body  collisional  deactivation 

rate  can  be  expected  to  be  smaller  than  the  gas  kinetic  rate. 

17  -3 

At  densities  greater  than  10  cm  three-body 
collisions  contribute  significantly  to  metastable  decay  rate. 
The  primary  mechanism  is  molecular  formation  involving 
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metastable  species  and  collision  partners  in  various  reac- 
tions given  by 


M + M + M 


(M2)  + M + AE 


(2.44a) 


M + M + X 


(Mg)  + X + AE 


(MX)  + M + AE 


(2.44b) 


M + X + X 


r>  (MX)  + X + AE 


^ (Xg)  + M + AE 


(2.44c) 


The  corresponding  rate  equations  are  given  by 


dt 


[M*]  = - [Mf  [M*] 


(2.45a) 


^ [M*]  = - [m][x][m*] 


dt 


(2.45b) 


dt 


[M*]  = - k^  [X]2  [M*] 


(2.45c) 


where  kg  is  the  rate  constant  which  is  typically  on  the 

, . .,_-34  . ,_-31  6 -1 

order  of  10  to  10  cm  -sec 

The  metastable  states  of  atomic  and  molecular  mercury 

provide  examples  of  three-body  collisions  leading  to  molecular 
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31  32 

formation  in  the  following  reactions.  ' 

HgC^P^)  + Hg  + Hg  -»■  Hg*  + Hg  + AE  (2.46a) 

Hg*  + Hg  + Hg  ^ Hg*  + Hg  + AE  (2.46b) 

The  dimer  formation  rate  constant  has  been  measured  to  be 
31  6 131 

kg  = 1 . 55  X 10  cm”-sec  . At  atmospheric  densities  of 
19  -3 

Hg  (~10  cm  ) the  three-body  collisional  decay  rate  of 

3 7-1 

Hg(  Pq)  is  on  the  order  of  10  sec  which  is  some  five  orders 

of  magnitude  faster  than  the  measured  decay  rate  at  low  pres- 
sures . 

2 

The  metastable  P^  iodine  atoms  also  form  molecules  by 
three-body  collisions  with  various  partners.  Interest  in  the 
atomic  iodine  laser  has  led  to  extensive  study  of  the  reac- 
tions and  rate  measurements.  Some  of  the  inherent  reactions 
are  given  by 

* 

* ^3  * 

I + I + Ig  ^ ^2  ^2  (2.47a) 

I + Ig  -^1  + 1^  (2.47b) 

^3 

I + I + Ig  ^ 2 Ig  (2.47c) 

^ —32  G ~1 

The  measured  rate  constants  are  kg  = 4.3x10  cm  -sec~  and 
-14  3 -1 

k^  = 1.3x10  X exp(1650/T)  cm  -sec  for  the  excited  atoms. 
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For  the  ground  state  atoms  the  molecular  recombination  rate 

constant  is  given  by  kg  = 1.1x10  x cm®-sec~^. 

At  T = 300  K,  the  bimolecular  quenching  rate  constant,  , 

-12  3 -1 

is  3.2x10  cm  -sec  , and  the  ground  state  recombination 

30  0 1 

rate  constant  is  given  by  kg  = 2.7xl0~  cm”-sec~  . These 

rate  constants  suggest  that  the  metastable  lifetime  becomes 

18  —3 

sub-microsecond  at  vapor  densities  on  the  order  of  10  cm 

In  summary  collisional  deactivation  of  metastable  states 
becomes  a dominant  loss  mechnism  at  vapor  densities  of  interest 
in  high  power  laser  applications.  In  particular  mutual  two- 
body  collisional  deactivation  of  excited  metastable  species, 
as  illustrated  by  the  Hgg  system,  suggests  a limiting  den- 
sity for  a practical  storage  duration.  Since  storage  times 
of  100  nanosecond  or  longer  are  desirable,  the  measured 

bimolecular  rate  constant  suggests  a maximum  metastable  state 

17  -3 

density  on  the  order  of  10  cm  . In  terms  of  photon  energy 
in  the  visible  spectrum  this  density  is  equivalent  to  an 
optical  energy  storage  capacity  of  about  50  joules  per  liter. 
This  storage  limitation  is  likely  to  be  present  in  many  atomic 
and  molecular  systems  as  an  inherent  property  associated  with 
the  mutual  two-body  quenching.  Some  atomic  systems,  such  as 
the  metastable  iodine  atoms,  are  not  density  limited  by  mu- 
tual metastable  state  deactivation.  For  these  systems  mole- 
cular formation  and  two-body  quenching  due  to  the  formed 
molecules  ultimately  limit  the  storage  lifetime  and  capacity. 
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5 . Scaling 


The  results  of  Sections  C.3  and  C.4  suggest  that 

energy  storage  can  be  increased  by  increasing  the  volume 

of  the  inverted  medium.  However,  to  prevent  the  depletion 

of  population  inversion  the  single  pass  net  gain  must  be 

reduced  in  order  to  suppress  superfluorescence.  In  practice 

with  COg  lasers  distributed  losses  due  to  saturable  absorber 

33 

provide  a net  attenuation  for  small  signal  levels.  At  high 
input  intensities  absorption  saturates,  and  the  medium 
attains  a net  gain  for  large  signal  amplification  and  energy 
extraction . 

Alternatively,  the  single  pass  loss  can  be  made  greater 
than  the  gain  at  all  signal  levels  and  prevent  superfluores- 
cence altogether.  This  eliminates  stimulated  one  photon 
emission,  but  leaves  a possibility  for  stimulated  two-photon 
emission  at  two  frequencies  for  which  the  medium  is  trans- 
parent. One  possible  system  might  consist  of  an  inverted 
metastable  system  in  which  two-photon  emission  is  allowed 
followed  by  a non-inverted  two-level  system  with  the  same 
energy  difference  but  coupled  only  by  an  electric  dipole 
transition.  Since  two-photon  transitions  are  not  allowed 
for  the  non-inverted  species,  stimulated  emission  may  be 
amplified  through  the  combined  system.  This  unique  property 
of  two  photon  transitions  is  an  attractive  feature  for  a 
large  scale  system  and  a motivation  for  investigating  theo- 
retical and  experimental  aspects  of  two-photon  lasers. 
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In  summary,  population  inversion  of  metastable 


states  in  a vapor  system  provides  a potential  optical 

energy  storage  medium  for  high  power  laser  applications. 

The  energy  storage  lifetime  and  capacity  are  limited  by 

superfluorescence  inversion  depletion  and  non-radiative  loss 

mechanisms.  Both  theoretical  and  experimental  studies  on 

the  metastable  decay  properties  indicate  a maximum  realistic 

17  18  —3 

inversion  density  of  10  to  10  cm  for  vapor  systems 
in  general.  Scaling  considerations  for  a fixed  inversion 
density  show  that  superfluorescence  inversion  depletion 
limits  the  dimensions  of  a one-photon  gain  medium.  However, 
stimulated  two-photon  emission  can  occur  in  an  inverted 
medium  which  has  no  net  one-photon  gain.  By  eliminating 
one-photon  superfluorescence,  energy  storage  scaling  can 
be  extended  to  two-photon  extraction  schemes  which  are 
discussed  in  Chapter  III. 
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CHAPTER  III 

TWO  PHOTON  ENERGY  EXTRACTION 

A.  INTRODUCTION 

A recent  demand  for  high  power  laser  systems  in  laser 
fusion  studies  and  photochemical  applications  has  generated 


I, 
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interest  in  laser  amplifiers  with  large  energy  storage 

capacities?"  Concurrently  nonlinear  optical  extraction  of 

stored  energy  has  received  attention  as  a method  of  gener- 

« *54 

ating  high  energy  laser  outputs.  ’ In  particular  stimu- 
lated two  photon  transition  in  an  inverted  medium  has  been 


suggested  as  a potential  scheme  for  not  only  amplifying  an 

input  signal  but  also  tailoring  the  pulse  shape  by  the  non- 

, . . 3-6,34,35 

linear  gam.  ’ ’ 


The  concept  of  a two  photon  laser  differs  from  an  ordi- 
nary laser  medium  in  two  respects.  First,  the  two  photon 
amplification  occurs  at  two  frequencies  that  do  not  coincide 
with  the  energy  difference  between  the  initial  and  the  final 


states  of  the  transition.  The  only  restriction  is  that  the 
photon  energies  and  the  transition  energy  are  conserved. 
Second,  the  transition  rates  of  two  photon  processes  depend 
on  the  product  of  the  field  intensities  in  contrast  to  a 
linear  relationship  in  one  photon  transitions.  Figure  2 
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shows  two  photon  processes  between  two  levels  which  are 


separated  by  an  energy  Figure  2b  shows  two-photon 

emission  (TPE)  at  and  hojg  such  that 

holds.  The  presence  of  radiation  at  can  also  generate 

Raman  scattering  at  Wg.  In  an  inverted  medium  the  tran- 
sition energy  and  the  incident  photon  energy  sum  to  yield 
stimulated  output  at  ^<^3-  This  process  is  the  anti-Stokes 
Raman  scattering  (ASRS)  shown  in  Fig.  2c.  Since  both  TPE 
and  ASRS  involve  optical  energy  extraction  at  a frequency 
distinct  from  the  natural  transition  frequencies,  the  two 
photon  processes  are  also  interesting  physical  effects  in 
themselves . 

This  chapter  describes  some  of  the  theoretical  aspects 
of  two  photon  amplification  and  energy  extraction  in  an 
inverted  system.  The  following  sections  give  a brief  review 
of  the  theory  and  discuss  the  energy  extraction  properties 
of  an  ideal  two  photon  gain  medium  including  saturation 
effects. 

B . THEORY 

In  the  semiclassical  perturbation  theory  two  photon 
processes  are  described  by  nonlinear  induced  polarization 
of  the  medium  and  Maxwell's  field  equations  which  are  driven 
by  the  polarizations.  The  nonlinear  polarization  is  gener- 
ated by  the  third-order  susceptibility  which  can  be  derived 
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METASTABLE  STATE 


\Wf 


(a) 


LOWER  STATE 

(b) 


(C) 


Fig.  2 — One  and  two  photon  energy  extraction  schemes: 

(a)  Ordinary  one  photon  laser  transition  at 

(b)  stimulated  TPE  amplification  at  Wj  and  WgV 

(c)  stimulated  ASRS  amplification  at  u)g. 
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from  density  matrix  calculations  using  an  electric  dipole 
interaction  hamiltonian.  However,  since  two  photon  transi- 
tions involve  actual  transfer  of  population  from  an  inverted 
level  to  a lower  level,  saturation  of  the  medium  must  be 
taken  into  account.  Accordingly  the  calculation  must  include 
equations  for  the  population  difference  and  the  oscillation  of 
the  two-level  system  at  the  two  photon  resonance  frequency. 

This  section  briefly  describes  the  derivation  of  the 

equations  of  motion  for  the  two  photon  processes.  The  deri- 

0 

vation  closely  follows  the  analysis  of  Carman,  and  considers 
the  interaction  of  four  electric  fields  in  a two  photon  gain 
medium.  Figure  3 shows  a schematic  two-level  system  with 
TPE  and  ASRS  transitions  considered  here.  The  two  levels 
are  specified  by  the  angular  momentum  quantum  numbers,  J and 
M.  The  magnetic  substates  are  assumed  to  be  degenerate. 

The  intermediate  states  are  assumed  to  be  non-resonant  so 
that  real  transitions  cannot  occur. 

The  electric  fields  consist  of  an  input  laser  signal 
at  0)^  , TPE  signal  at  Wg  , ASRS  signal  at  , and  another 

ASRS  signal  at  o)^  due  to  . Higher  order  Raman  transi- 

tions and  other  coherent  wave  mixing  processes  may  occur, 
but  they  are  neglected  here  for  simplicity.  The  four  fields 
are  defined  by 


Fig.  3 — 


Two-level  sysl 
analysis . 
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The  oscillation  of  the  two-level  system  is  given  by 


Q(r,t)  = q expCik^z  - icj^t ) + C.C. 


(3.2) 


where  q is  the  oscillation  amplitude.  The  field  frequencies 
and  the  wave  vectors  satisfy  the  following  relations; 
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II 

(3.3d) 

where  n^^  is  the  refractive  index  of  the  medium  at 

The  relationship  between  the  electric  fields  and  the 

two  - level  oscillation  is  established  by  a differential 
3 0 

equation  for  Q. 


Tj  3t 


(3.4) 


where  Tg  is  the  usual  dephasing  or  transverse  relaxation 
time,  and  is  the  hamiltonian  containing  an  electric 
dipole  interaction  term,  V,  as  given  by 


JC  = JC  + V 
o 


(3.5) 
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Evaluating  the  right-hand  side  of  Eq.(3.4)  using  Eq.(3.2) 
and  the  slowly  varying  amplitude  approximation  yields 


— + — q = -(— ) 

at  T„  \4  h / 


0 exp(  ik^z  - ioj^t ) + C.C. 


(3.6) 

where  u represents  the  relative  population  difference 
between  the  inverted  state  |b>  and  the  lower  state  !a>  . 
The  term  <p  contains  the  interaction  of  the  electric  fields 
and  the  two-level  system  and  is  given  by 

^ -r.  iAkioz  , * *„  iAkoiz  , -r.  iAk^oz 

^ = ■"°‘l,3^1^3®  ^ "■“2,4^2^4^ 

(3.7) 

where  a's  are  the  polarizability  tensor  components  defined 
by  the  following  expressions: 


“1,2  = 2 


“l,3  = 2 


“2,4  " S 


^ ^^ak^  ^l^kb  ^ ^^l^ak^^2^kb 


h((^kb  ^"'l^ 

^^3^ak^  ^^kb 

, ^^l^ak^^3^kb 

f>(a>k^-a)i) 

f>(u.kb'^“3^ 

4" 

^ ^4^ak^  ^2^kb 

, ^^^ak^^4^kb 

^^‘^kb  - ^"2^ 

h(a)kb  + <^4) 

(3.8a) 


(3.8b) 


(3.8c) 


where  the  summation  over  k denotes  a sum  over  J,  and  M,  and 

k k 

other  intermediate  state  quantum  numbers.  The  matrix 
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elements  in  Eqs.(3.8a),  (3.8b),  and  (3.8c)  are  the  usual 

dipole  matrix  elements  of  y • e y and  y • e*  E y „ . 

Xf  X»  )C  x> 

The  time  dependence  of  the  population  difference  is 


described  by 


+ — (u  - u ) =(  — V[u  , 3f]) 
e op’  / 


(3.9) 


where  (1/T^)  is  the  longitudinal  relaxation  rate  with  which 
the  population  inversion  returns  to  its  equilibrium  value,  u^, 
in  the  absence  of  the  applied  fields.  Evaluation  of  the 
right-hand  side  of  Eq.(3.9)  gives 


+ -^(u  - u ) =(— )(q%  - q-^*) 

® \2h/ 


(3.10) 


where  q and  <(>  are  defined  by  Eqs.(3.6)  and  (3.7). 

The  nonlinear  polarizations  arise  from  the  third-order 
terms  in  the  density  matrix  and  depend  on  the  two-level 
oscillation  and  the  applied  electric  fields  through  the 
polarizability  tensor  components.  The  nonlinear  polariza- 
tion has  the  form 


^^^(r,t)  = e exp(  ik„z  - i(D(,t ) + C.C. 


(3.11) 


The  amplitudes  for  and  Wg  are  given  by 


NL  * * * 

= N 2 ^2 exp(-iAk^22^)  3^3^  exp(iAk2j^z) 


(3.12a) 
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and 


Oi  2 El  q exp(-iAki2z)  exp{i^k^^z) 


The  ASRS  polarization  amplitudes  are  given  by 


^NL 


P3  ~ ^ “1  3 El q expC-iAkgiZ) 


and 


,NL 


^4  " ^ “2,4  E2  q exp(-iAk^22:) 


(3.12b) 


(3.12c) 


(3. 12d) 


The  equation  of  motion  that  governs  the  growth  of 
traveling-wave  electric  fields  in  a two  photon  gain  medium 
is  the  wave  equation  derived  from  Maxwell's  equations.^® 


2 

E + 


an  9 E 


n 9 E 


^ J "N  4,  2 

c 9 t c 9t 


1 92pNL 

e c^  9^ 

0 


(3.13) 


where  the  driving  term  is  the  nonlinear  polarization  of  Eq . 
(3.11).  The  refractive  index,  n,  in  Eq.(3.13)  is  the  value 
in  the  absence  of  the  applied  fields.  The  attenuation  para- 
meter, a , is  the  reciprocal  of  the  distance  at  which  the 
field  intensity  decreases  to  e~^  of  the  initial  value  in 
the  absence  of  gain.  Under  the  slowly-varying  amplitude 
approximation  Eqs.(3.1),  (3.11),  and  (3.13)  yield  the  ampli- 
tude growth  equation  for  each  frequency  component.  The 
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results  are  given  by  the  following  equation: 
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(3.14) 


The  first  term  on  the  left-hand  side  of  Eq.(3.14)  is  the 

transverse  Laplacian  of  the  field  amplitude.  The  nonlinear 

NL 

polarization  amplitude,  , of  Eqs.  (3.12a)  through  (3.12d) 

drives  the  growth  of  the  electric  field  in  Eq.(3.14). 

The  electric  field  amplitude  equations  in  Eq.(3.14)  are 
coupled  with  the  equations  of  motion  for  the  two-level  os- 
cillation in  Eq.(3.6)  and  the  population  difference  in  Eq. 

(3.10)  through  the  nonlinear  polarization  amplitudes  in  Eqs. 
(3.12a)  through  (3.12d).  This  system  of  coupled  differential 
equations  constitutes  a general  description  of  the  TPE  and 
ASRS  processes  considered  here.  Unfortunately  these  equations 
cannot  be  solved  analytically  and  require  numerical  methods  24.35 
to  study  the  problem  of  two  photon  pulse  amplification  and 
energy  extraction.  Nevertheless,  certain  approximations  in 
the  coupled  equations  lead  to  a simplified  set  of  equations 
which  help  to  illustrate  the  first-order  effects  of  a two 
photon  gain  medium.  This  includes  pulse  amplification  and 
energy  extraction  in  the  unsaturated  and  saturated  regimes. 

The  approximations  that  lead  to  analytical  expressions  for 
these  properties  are  discussed  in  the  following  sections. 
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c. 


TWO  PHOTON  AMPLIFICATION 


A recent  theoretical  analysis  of  Raman  scattering  in 

37 

the  transient  response  regime  indicates  that  the  nonlinear 
gain  decreases  roughly  proportionally  with  pulse  length  for 
pulse  length  shorter  than  the  dephasing  time.  This  evidence 
suggests  that  the  efficient  use  of  a two  photon  gain  medium 
should  be  considered  with  relatively  long  pulses.  However, 
the  pulse  must  be  short  compared  to  the  lifetime  of  the  pop- 
ulation inversion  in  order  to  minimize  losses  due  to  decay 
mechanisms.  These  operating  restrictions  imply  an  optimum 
condition  for  the  two  photon  laser  pulse  length,  t : 

T2  <<  T <<  (3.15) 

The  above  relation  also  implies  that  steady-state  approxi- 
mation may  be  applicable  in  Eq.(3.6).  Thus,  the  two-level 
oscillation  amplitude,  q , may  be  considered  as  a slowly- 
varying  quantity  provided  that  severe  pulse  shortening  does 
not  occur  during  amplification. 

The  steady-state  approximation  in  Eq.(3.6)  and  the  pulse 
length  requirement  in  Eq.(3.15)  significantly  simplify  the 
two  photon  field  equations  in  Eq.(3.10)  and  Eq.(3.14).  Fur- 
thermore, if  the  spatial  and  temporal  characteristics  of  the 
two  photon  pulse  change  significantly  more  slowly  than  the 
amplitude  growth,  then  Eq.(3.14)  reduces  to  the  following 
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equation ; 


9 E 1 

9 z 2 ^ 


„NL 


(3.16) 


where 


■ (3 


,NL 


i h / 


“l  2^2^  ~ “l  3^3^  exp(iAkgj^z) 

(3.17a) 

“l  2 ®1 ■ “2  4^4'^  exp(iAk^2^) 

(3.17b) 


,NL  /"“’'a 


3 ' \77;r/  “1,3  ♦ exp(-iik3jz) 


(3.17c) 


^ Uihr^- 


^ E2  exp(-iAk^2z) 


(3.17d) 


The  population  difference  equation  is  now  given  by 


9 u 


9 t 


4 


(3.18) 


The  nonlinear  polarization  amplitudes  in  Eqs.(3.17a) 
through  (3.17d)  contain  contributions  from  both  stimulated 
and  coherent  mixing  effects.  For  example,  Eq.(3.17a) 
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gives 


ICi  3!^  Ej 

exp(  i(Ak^2  ^ ^ 

exp[  iCAkg^  - Ak^2)  1 

(3.19) 

One  can  also  express  the  nonlinear  polarization  in  terms  of 
the  third-order  susceptibility  units  Eq.(3.19) 

becomes 


1^2!^  - 


* ♦ * 

+ “1  2 “2  4 ®2  ^4 


^'l , 3 '^2,k  ^2  ^3  ^4 


t,NL  ll'C^  I r-  I ^ T-  j.  rtono  |„  I 'i  r- 

Pi  = "o^l  1^2!  ^1  ^ "o^l  |p3>  ®1 

^0^1, 2, 2, 4 ^2  ^2  ^4  exp[  i(Ak^2  ~ ^ ' 

(’S')  ♦ 

^ "0X1. 3,2,4  ^2  P3  ^4  exp[i(Ak3^-Ak42)^l 


TPE 


ASRS 


where, 


(3.20) 

TPE  1 

Xi  =1 

/NUT2  1 
\4  i h e 

0 

h“i,2i^  - 

(3.21a) 

ASRS  1 

Xi  = -1 

/ N u T2  ^ 

\4  i h e ) 
0 

)l“l,3l 

(3.21b) 

x(3) 

^1,2, 2, 4 

/ N u T2  ^ 

\4  i h e 1 
0 

l“l,2  “2,4 

(3.21c) 
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and 


.(3)  _ * 

<3, 1,2,4  - ^ j“l,3  «2,- 


(3.21d) 


The  first  two  terms  in  Eq.(3.19)  and  Eq.(3.20)  are  independent 

of  wave  vector  and  represent  the  stimulated  processes.  The 

(31  (31 

latter  two  terms  containing  £ 2 4 ^1324  corre- 

spond to  four-wavt  mixing  processes,  and  they  oscillate  in 
space  unless  the  wave  vector  mismatch  vanishes.  Equation 
(3.19)  also  indicates  that  the  stimulated  terms  can  yield 
either  gain  or  loss  depending  on  the  field  amplitudes  at  oig 
and  (jg  . 

The  nonlinear  polarization  for  the  ASRS  field  at 
also  illustrates  the  contribution  from  stimulated  and  mixing 
processes.  Eq. (3.17c)  gives 


pf  = |e,|2  E3 


(31 

* S’<3,1,1,2  ^2  exp|i(Akj2-4k3j)z| 


* "0*3, 1,2, 4 h =^4  exPl  i(4k42-4k3i)  xl 


where, 


ASRS 


ASRS  * 
^1 


(3.22) 


(3.23a) 
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and  the  four-wave  mixing  susceptibilities  are  given  by 


and 


(3.23b) 


J3)  = ^(3)  * 

^3. 1,2,4  ^1, 3,2,4 


(3.23c) 


An  important  aspect  of  Eq.(3.22)  is  that  the  ASRS  field  at 
Wg  can  be  generated  by  and  ojg  through  four-wave  mixing. 

This  means  that  a TPE  amplifier  can  generate  and  amplify 
ASRS  signals  at  oig  and  . If  the  ASRS  fields  are  allowed 

to  grow  at  the  expense  of  TPE  field  amplitudes,  the  ASRS 
process  can  eventually  dominate  and  terminate  TPE  amplifica- 
tion. For  energy  extraction  such  competing  processes  are 
undesirable,  since  the  efficiency  depends  not  on  the  stored 
energy  but  on  the  photon  flux  at  or  ojg  . 

If  the  coherent  wave  mixing  processes  can  be  neglected, 
then  the  field  equations  in  Eq.(3.16)  can  be  converted  into 
intensity  growth  equations  with  intensity  gain  coefficients, 
^TPE  gASRS  growth  of  the  ASRS  fields  is  given  by 


and 


91, 


9z 


^3  ^3 


^ASRS  j j 

^3  ^3 


(3.24a) 
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(3.24b) 
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The  intensity  eciuations  for  and  are  given  by 


+ a I = T T ^ASRS  - - 


+ a T - T T ;rASRS  - - 

^ ^2  ^2  " “^2  h ^2  ■ ^2  ^4  h 


(3.24c) 


(3.24d) 


The  intensity  gain  coefficients  in  Eq.(3.24)  are  defined  by 


P}t 


Fn-n-fiE^  c^ 
12  0 


(3.25) 
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ASRS 


Nuu)ilai  rM 
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(3.26) 
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■(?)' 


ASRS 


N^‘"2l”2.4l 

rn„n.he^  c^ 
2 4 o 


(3.27) 


In  the  above  definitions  the  FWHM  transition  frequency  width, 
r (radian-second  ^),  has  been  substituted  for  (2/T_). 
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The  intensity  gain  coefficients  can  also  be  expressed 


i 

! 

I 


in  terms  of  the  TPE  and  ASRS  cross-sections.  The  Raman 
scattering  cross-section  at  Wj  due  to  is  defined  by 
the  following  formula  which  includes  the  degeneracy  of  the 

r>o  OQ 

magnetic  states  of  the  initial  and  final  states.  ’ 


3 


(4  n 


2J, 


ttSZ 

M 


'“i.J 


(3.28) 


The  TPE  cross-section  can  be  defined  in  the  same  way.  A 
direct  substitution  of  Eq.(3.28)  into  Eqs.(3.25),  (3.26), 
and  (3.27)  yields  the  desired  relations  in  terms  of  X^  = 2ir/k^. 


6 


ASRS 

1 


ASRS 


(3.29) 


(3.30) 


(3.31) 


Since  (do/dO)  is  an  experimentally  measured  quantity, 

Eqs.(3.29),  (3.30),  and  (3.31)  provide  useful  relations  for 
TPF  ASRS 

6 and  6 . If  (do/dO)  data  are  not  available,  approxi- 

mate values  may  be  calculated  using  Eq.(3.28).  Appendices 
C and  D describe  useful  techniques  for  evaluating  the  sum- 
mation in  Eq.(3.28). 
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D.  ENERGY  EXTRACTION 

The  important  parameters  that  characterize  a two  photon 
amplifier  are  energy  storage,  intensity  gain,  and  extraction 
efficiency.  These  quantities  are  related  by  a system  of 
coupled  differential  equations  derived  in  Section  C.  The 
equations  are  nonlinear,  and  a general  analytical  solution 
cannot  be  obtained  even  in  the  steady-state  regime. 

However,  the  equations  are  solvable  under  certain  condi- 
tions and  approximations.  For  example,  if  linear  absorption, 
four-wave  mixing,  and  medium  saturation  can  be  neglected,  a 
proper  choice  of  initial  conditions  on  the  field  intensities 
provide  the  first-order  approximation  for  the  TPE  or  ASRS 
process.  This  approximation  describes  the  unsaturated  regime. 

The  intensity  equations  in  the  unsaturated  TPE  case  are 


and 


9z 

Sir 

dz 


'^1  ^2 


'^2  ^2 


(3.32a) 


(3.32b) 


where  I_  = I.  = 0 is  assumed  initially.  The  exact  solutions 
3 4 

to  Eqs.(3.32a)  and  (3.32b)  are 


and 


1^(7.) 

I^CO) 


(1  - p)(l  + pe“) 
(1  - Pe^) 


(3.33a) 


l2(0) 


(1  - p)  e' 
(1  - pe^) 


(3.33b) 
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where 


IgCO) 
0)2  li(0) 


TPE 

A = ^2  z (1  - P) 


(3.34) 


(3.35) 


The  solutions  show  that  when  l;l^(0)  . the  intensity 

at  grows  exponentially,  which  agrees  with  Carman's 

result . ^ 

The  unsaturated  ASRS  intensity  growth  can  be  solved 
similarly  using 


-ASRS  - - 

■ ^3 


. rASRS  y j 

'^3  ^3 


(3.36a) 


(3.36b) 


where  12(0)  - 1^(0)  = 0 is  assumed.  The  exact  solutions 
to  Eqs. (3.36a)  and  (3.36b)  are 


I^(z)  (1  + C) 


1^(0) 


13(0) 


(1  + Ce®) 


(1  + Z) 
(1  + ?e®) 


(3.37a) 


(3.37b) 
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where 


0);^  IgCO) 


(3.38) 


C = 

0)3  Ij^CO) 

and 

A on  c 

B = 63  1(0)  z (1  + ;;)  (3.39) 

For  a small  input  signal  at  0)3  Eq.(3.37b)  reduces  to  an 
exponential  growth  provided  that  saturation  remains  negli- 
gible . 

The  analytical  solutions  for  the  unsaturated  case  de- 
scribe the  initial  growth  behavior  in  which  a very  small 
amount  of  the  stored  energy  is  extracted.  However,  a two 
photon  amplifier  must  operate  in  the  saturated  regime  for 
efficient  energy  extraction.  Thus,  analytical  intensity 
growth  formulas  including  saturation  effects  are  desirable. 
As  mentioned  earlier,  the  coupled  nonlinear  equations  for 
the  fields  and  the  medium  are  not  generally  solvable.  To 
alleviate  this  difficulty  one  can  consider  the  saturation 
problem  for  the  special  case  of  an  ideal  TPE  amplifier. 

An  ideal  TPE  gain  medium  may  be  considered  to  have  no 
linear  absorption  and  negligible  nonlinear  gain  coefficient 
for  the  competing  ASRS  processes.  This  also  implies  that 
four-wave  mixing  terms  do  not  contribute  significantly. 
These  conditions  are  hypothetical,  but  they  simplify  the 
equations  to  a point  where  analytical  solutions  including 
saturation  can  be  obtained.  Of  course  the  analytical 
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solutions  are  only  solutions  to  an  approximate  system  of 
equations  and  are  subject  to  the  validity  of  certain  assump- 
tions. Nevertheless,  the  analytical  expressions  can  be 
helpful  in  studying  the  approximate  saturation  characteris- 
tics of  an  ideal  TPE  amplifier. 

The  equations  that  describe  an  ideal  TPE  amplifier  are 
Eqs. (3.22a)  and  (3.22b)  and 


9 u 


9 t 


u T, 


'1,2 


4 h 


(3.40) 


where  Eq.(3.40)  arises  from  Eqs. (3. 15)  and  (3.18)  and  the 
following  conditions: 


1 2 I 1 2 

“1.3I  l°‘l,2l 


(3.41) 


If  the  field  intensities  are  divided  by  the  respective  photon 
energy,  the  equations  are  transformed  into  photon  flux  equa- 
t ions . 


9x^ 
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(3.42a) 


(3.42b) 
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and 


3u 


3z 


= e X2  u 


(3.42c) 


where  x . 

1 


I./hw.  . 


e = 


The  parameters  6 and  G are  given  by 
|2 


and 


r n n 

L Z 0 


6 = ^Nc  e 


(3.43) 


(3.44) 


Equations  (3.42a)  and  (3.42b)  indicate  that  the  photon  flux 
at  and  must  grow  simultaneously  from  the  initial 
values,  x°  and  x°  , respectively.  Mathematically, 


= x^  + X 


^2  ^2  ^ ^ 


and 


3x.,  3x^ 


3z  3z 
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(3.45a) 


(3.45b) 


(3.45c) 


Equations  (3.45c)  and  (3.42c)  can  be  combined  to  obtain  an 
equation  for  u in  terms  of  x: 


u = u (1  - - ) 

O X 

o 
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(3.46) 


where  u is  the  initial  value,  and  x = i Nu^c  is  the 
o o o 

maximum  photon  flux  that  can  be  extracted  from  the  medium. 
Therefore,  (x/x^)  in  Eq.(3.46)  corresponds  to  the  extrac- 
tion efficiency.  Substituting  Eqs.(3.45)  and  (3.46)  into 
Eq.(3.42)  yields  an  equation  for  the  extraction  efficiency, 
K : 


I 0 dz  = — ^ / 

Jo  J 0 ( C + + r2)(l  - 


r) 


(3.47) 


where  the  initial  values  of  photon  flux  at  and  ojg  are 

normalized  to  x^  according  to 


= 


^2 


(3.48) 


Direct  integration  of  Eq.(3.47)  leads  to  a relationship 
between  the  extraction  efficiency  and  the  various  parameters: 

G (1  + r^)(l  + r2)  = | |^1  + ] " «-n(l  - C ) 


(3.49) 


where  G = B I x is  a dimensionless  parameter  that  determines 
o 

the  gain  of  the  amplifier.  A quick  check  of  Eq.(3.49)  at  the 
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unsaturated  limit  (C  <<  1)  shows  that  the  equation  indeed 
reduces  to  Eq. (3.33b).  Equation  (3.49)  can  also  describe 
the  degenerate  TPE  case  (oi^  “ **^2^  after  a slight  mathematical 
manipulation.  The  formula  for  this  special  case  is  given  by 


G (1  + r)^ 


C(1  + r) 

r^(l  + -^) 
V r 


+ 


(3.50) 


The  relations  derived  in  Eqs.(3.49)  and  (3.50)  constitute 
an  approximate  description  of  the  saturation  characteristics 
of  an  ideal  TPE  amplifier  operating  in  the  steady-state  regime. 
The  next  step  is  to  determine  the  parameters  that  optimize 
the  performance  of  the  amplifier  under  certain  initial  condi- 
tions. The  performance  may  be  evaluated  on  the  basis  of  the 
extraction  efficiency  and  the  amplification  factor.  ,*/,  which 
is  defined  as  the  ratio  of  the  output  energy  to  the  input 
energy  at  the  same  frequency.  Ideally  a near  unity  extrac- 
tion efficiency  and  a large  amplification  factor  are  desirable. 

Efficient  extraction  (f;  i 1)  and  large  amplification 
factors  for  both  TPE  frequencies  require  r^  <<  K and 
r2  <<  5 . If  ~ ’’’2  ’ Eq.(3.49)  simplifies  to 


Thus,  efficient  extraction  requires  G >>  1.  Conversely. 


i 
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if  f/  < 1 efficient  extraction  may  not  be  possible  with 
large  amplification  factors. 


( 


In  another  mode  of  operation  TPE  extraction  uses  an 
intense  "trigger"  field  at  in  order  to  achieve  » 1 

and  ^ < 1 . In  this  case  r^  is  at  least  one  and  possibly 
much  larger.  These  conditions  reduce  Eq.(3.49)  to 

1 - exp( -Gr. ) 

5 = r i-  (3.52) 

r2  + exp(-Gr 

The  corresponding  amplification  factor  is  given  by 

,V  = 1 + -^ 

2 ^2 

or 

1 

'*’^2  ~ 

r2  + exp(-Gr^ ) 

i j 

The  expressions  for  Ei  and  .‘/2  suggest  that  if  Gr^  <<  1 | 

high  extraction  efficiencies  are  not  possible  with  ,1/2  ^ 

because  r2  <<  1 must  hold.  On  the  other  hand,  if  Gr^  > 1 
such  that  exp(-Gr^)  < r2  <<  1 , then  reasonable  extraction 
efficiencies  can  be  expected.  Therefore,  the  "trigger" 
pulse  at  (jo^  with  r^  >>  1 can  operate  a TPE  amplifier  with 
G < 1 and  still  achieve  high  extraction  efficiency  and  ampli- 
fication at  (1)2  . Figures  4 and  5 illustrate  the  behavior 


(3.53a) 


(3.53b) 
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EXTRACTION  EFFICIENCY  ^ 


NORMALIZED  INPUT  FLUX  AT  Cl)| 


Fig.  4 — Ideal  TPE  amplifier  extraction  efficiency  vs. 

normalized  input  (trigger)  photon  flux  at 
for  = exp(-lO) . 
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of  C as  a function  of  at  various  values  of  G . 

Figure  4 assumes  r2  = exp(-10),  and  Fig.  5 uses  = exp(-5) . 

A third  method  of  energy  extraction  involves  degenerate 
TPE  amplification.  The  saturation  behavior  as  given  by 
Eq.(3.50)  differs  from  the  non-degenerate  case.  The  ampli- 
fication factor  for  the  degenerate  case  is  defined  by 

.r/  = 1 + -L  (3.54) 

r 

For  small  input  intensities,  r <<  1 , efficient  extraction 
requires 


G = - find  - £:  ) (3.55) 

This  implies  that  G >>  1 is  necessary  in  order  to  achieve 
a large  amplification  factor.  On  the  other  hand,  r >>  1 in 
Eq.(3.50)  leads  to 

C = 1 - exp(-Gr^)  (3.56) 

Thus,  extraction  efficiencies  near  unity  can  be  achieved  with 
G <<  1 . However,  the  amplification  factor  may  be  very  close 
to  unity,  since  ^ <<  r . Therefore,  experimentally  the 
degenerate  TPE  extraction  is  not  very  interesting  if  G < 1. 
Furthermore,  small  values  of  G may  pose  detection  problems 
which  would  make  a demonstration  of  TPE  amplification  difficult. 
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Figure  6 gives  a plot  of  ^ as  a function  of  r at  various 
values  of  G . The  dashed  lines  indicate  the  values  of  .•/-  1 , 
For  example,  if  G = 0.1  , r = 1 yields  ^ = 0.1  and  an 

_3 

amplification  factor  of  .V  = 1.1  . However,  if  G = 10 
2 

and  r = 10  , then  the  extraction  efficiency  is  near  unity; 

but,  the  relative  change  in  the  field  intensity  after  ampli- 

2 

fication  is  only  one  part  in  10  . The  graphs  in  Fig.  6 
suggest  that  the  best  performance  is  obtained  when  the  opera- 
ting point  lies  in  the  upper  left  corner  where  G > 1 , r < 1 , 
and  ^ > 1 . 

In  all  three  modes  of  operation  of  a TPE  amplifier  the 
parameter  G plays  an  important  role  with  respect  to  the 
performance  characteristics.  Since  large  values  of  G are 
desirable  in  all  cases,  one  must  optimize  parameters  that 
govern  G . From  the  definition  of  G and  Eqs.(3.25)  and 
(3.43)  a formula  for  G is  given  by 


where 


„ -TPE  - . 

G = 6„  h u)-  X Jl 
2 1 o 


X = TT  N u c 
o 2 o 


(3.57) 


(3.58) 


In  Eq.(3.57)  is  the  unsaturated  intensity  gain  coeffi- 

cient given  by  Eq.(3.25),  and  I is  the  length  of  the  gain 
medium.  The  quantity  x^  is  the  maximum  photon  flux  that 
can  be  extracted  from  the  medium,  and  h x^  corresponds 
to  the  intensity  of  the  trigger  field  at  which  r^  = 1 . 
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EXTRACTION  EFFICIENCY  C 


Since  both 


and  X are  proportional  to  the  inversion 
o 

2 

density,  Nu^  , G varies  as  ^ • Therefore,  the  inver- 

sion density  and  amplifier  length  should  be  maximized  in 
order  to  achieve  the  largest  possible  values  of  G . Table  I 

shows  typical  calculated  values  of  G based  on  £ = 100  cm  and 

TPE  _6  i«  -T  TPF 

= 10  cm/MW  at  Nu  = 10^  cm  . This  value  of  6^ 

^ o ^ 

is  a realistic  order  of  magnitude  estimate  which  is  discussed 

in  more  detail  in  Chapter  IV. 

The  significance  of  the  numerical  estimates  of  G in 

Table  I is  that  realistic  conditions  exist  for  an  efficient 

TPE  amplifier.  From  the  discussion  of  energy  storage  capacity 

in  Chapter  II  population  inversion  densities  in  the  range  of 
17  18  —3 

10  to  10  cm  may  be  achieved  under  optimum  conditions. 

This  suggests  that  the  values  of  G in  the  range  of  1 to  10 

are  possible  and  that  the  amplified  field  intensities  may 

9 2 

reach  on  the  order  of  10  W/cm  with  a high  extraction 

1 6 

efficiency.  For  inversion  densities  in  the  range  of  10^ 

17  -3 

to  10  cm  G rapidly  decreases  to  much  less  than  unity. 

However,  efficient  extraction  and  TPE  amplification  of  the 

complementary  field  at  are  still  feasible  provided  that 

the  trigger  intensities  with  1^(0)  >>  ft  x^  are  available. 

Under  these  conditions  the  field  intensity  at  >Tiay  be 

amplified  to  greater  than  10  W/cm*'  . In  the  case  of  a 

degenerate  TPE  amplifier  G > 1 is  a necessary  condition 

for  efficient  extraction  and  amplification.  Hence,  inversion 

17  18  —3 

densities  in  the  range  of  10  to  10  cm  are  required. 
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Table  I 


IDEAL  TPE  AMPLIFIER  PARAMETERS 


* Calculations  based  on  a trigger  field  wavelength  of  2pm. 
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The  discussion  of  an  ideal  TPE  amplifier  so  far  has 
assumed  that  the  competing  ASRS  processes  are  negligible 
due  to  the  conditions  of  Eq.(3.41).  However,  in  real  cases 
such  conditions  may  not  be  easily  satisfied.  Figures  7a  and 
7b  show  schematic  level  diagrams  for  a two  photon  amplifier. 
If  the  intermediate  states  lie  below  the  upper  state  as  in 
Fig.  7b,  the  detuning,  favors  the  TPE  process.  However, 

super fluorescent  decay  to  the  intermediate  states  can  quickly 
deplete  the  energy  stored  in  the  upper  state.  Thus,  a level 
structure  of  the  type  in  Fig.  7b  is  not  desirable.  On  the 
other  hand,  if  the  intermediate  states  lie  above  the  upper 
state  as  in  Fig.  7a,  the  detuning,  may  favor  the  ASRS 

processes  by  the  near-resonance  enhancement.  For  an  ASRS 
amplifier  this  condition  is  advantageous,  but  such  a level 
arrangement  may  prevent  TPE  amplification.  A possible  way 
of  overcoming  the  ASRS  enhancement  is  to  pick  0)^^  such  that 

destructive  interference  among  the  intermediate  states 

40 

diminishes  the  ASRS  gain. 

In  summary,  this  chapter  briefly  reviewed  the  theory  of 
two  photon  energy-extraction  from  an  inverted  metastable 
system.  The  coupled  differential  equations  that  govern  the 
growth  and  evolution  of  the  optical  fields  and  the  medium 
have  been  treated  in  the  steady-state  regime  in  order  to 
describe  the  optimum  pulse  lengths.  An  approximate  descrip- 
tion of  the  saturation  characteristics  of  an  ideal  TPE  ampli- 
fier was  considered  for  pulse  lengths  for  which  T^  <<  t 
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Fig.  7 — Energy  level  structure  for  two  photon  gain 
medium;  (a)  Intermediate  states  |k>  above 
the  energy  storage,  state  lb>  ; (b)  inter- 
mediate states  lk>  below  lb>  in  which  radi 
ative  decay  from  |b>  to  lk>  is  allowed. 


and  T <<  are  satisfied.  In  the  absence  of  competing 

processes  and  severe  pulse  distortion  the  solution  to  a 
simplified  set  of  coupled  equations  led  to  analytical  rela- 
tions between  the  extraction  efficiency  and  the  TPE  gain 
parameter  G . The  numerical  estimates  of  G showed  that 
efficient  TPE  energy  extraction  and  amplification  are  possible 
with  population  inversion  densities  achievable  in  a vapor 

medium  consisting  of  excited  metastable  species.  For  inver- 

17  18  —3 

Sion  densities  on  the  order  of  10  to  10  cm  the  calcu- 
lations suggested  that  amplified  intensities  on  the  order  of 
9 2 

10  W/cm  with  high  extraction  efficiencies  are  feasible  in 
an  ideal  TPE  amplifier.  Although  a brief  consideration  of 
energy  level  structure  did  not  suggest  an  ideal  TPE  amplifier 
the  analytical  saturation  behavior  may  provide  a helpful 
guide  for  studying  more  realistic  systems  in  the  future. 


CHAPTER  IV 


PROSPOSED  SYSTEMS  AND  FEASIBILITY  ANALYSIS 

A.  INTRODUCTION 

An  atomic  or  molecular  metastable  species  for  a 

potential  two  photon  gain  medium  must  satisfy  a number 

of  requirements  on  the  radiative  and  non-radiat ive  decay 

properties, as  well  as  energy  level  structure  for  population 

inversion.  A careful  survey  of  the  periodic  table  shows 

that  not  many  neutral  atoms  have  an  energy  level  structure 

that  permits  energy  storage  and  population  inversion. 

Moreover,  in  many  of  these  candidates  high  densities  of 

metastable  states  are  difficult  to  achieve  experimentally. 

For  example,  high  temperatures  are  required  to  generate  a 

sufficient  vapor  pressure  in  some  metal  vapor  systems.  Light 

elements  tend  to  form  molecules  readily.  These  physical  and 

chemical  properties  further  reduce  the  number  of  potential 

candidates  to  only  a few  neutral  atomic  and  molecular  species. 

A potential  two  photon  gain  medium  selected  from  the 

above  cons idera'*' ions  is  also  subject  to  certain  bounds  imposed 

by  the  optical  properties  of  the  medium  as  shown  in  a recent 

0 

feasibility  analysis  by  Carman.  The  study  indicates  that 
general  considerations  of  the  optical  properties  lead  to  several 
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constraints  on  the  optical  intensities  and  pulse  lengths 
as  well  as  device  dimensions  and  inversion  densities. 

This  chapter  illustrates  some  of  the  properties  of 
two  proposed  atomic  systems  for  potential  active  media 
using  two  photon  extraction  schemes.  The  first  system  is 
an  anti-Stokes  Raman  frequency  up-converter  in  neutral 
atomic  mercury  which  is  described  in  detail  in  Appendix  E. 
The  second  system  is  a two  photon  amplifier  based  on  pop- 
ulation inversion  in  atomic  iodine.  For  each  system  a brief 
feasibility  analysis  is  presented  in  terms  of  experimental 
requirements . 


! B.  ATOMIC  MERCURY  ASRS  FREQUENCY  UP-CONVERTER 

i 

‘ 1 . Population  Inversion  and  Storage  Mechanism 

The  low  lying  excited  states  of  neutral  atomic  mercury 
are  the  metastable  6^pS  ■,  r,  states  and  the  resonance  6^P° 
state.  The  singlet  state  lies  higher  than  the  triplet  states 
and  radiatively  couples  to  the  ground  state  with  a 

185  nm  resonance  line  as  shown  in  Fig.  8 . The  transition 
has  a near  unity  oscillator  strength  and  exhibits  radiation 

imprisonment  (trapping)  effects  even  at  modest  atomic  vapor 
4 1 

densities.  The  radiation  imprisonment  increases  the 
apparent  radiative  lifetime  of  the  resonance  state  since  the 
radiation  diffuses  out  from  an  excited  region  by  a repeated 
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MERCURY  ENERGY  LEVELS 


Fig.  8 — Abbreviated  energy  level  diagram  of  atomic 
mercury  for  ASRS  amplifier.  The  radiation 
trapped  185  nm  transition  gives  energy 
storage  in  the  6lpo  state. 
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process  of  emission  and  absorption.  According  to  experi- 

4 2 

ments  and  a theory  developed  by  Holstein  an  increase  in 

the  radiative  decay  by  several  orders  of  magnitude  is  not 

28 

uncommon  for  resonance  transitions.  This  radiative  property 
of  the  resonance  states  suggests  their  natural  tendency  to 
store  energy  in  a volume  of  excited  vapor  with  an  effective 
lifetime  on  the  order  of  microseconds. 

The  energy  stored  in  the  radiatively  trapped  6^P°  state 
may  lead  to  population  inversion  with  respect  to  the  triplet 
states  under  certain  conditions.  Since  6^P°  and  6^Pj  states 
have  the  same  parity  and  a different  multiplicity,  only  inter- 
system magnetic  dipole  and  electric  quadrupole  transitions 
can  contribute  to  one  photon  decay  from  6^P°  to  6^Pj 
These  transitions  are  only  very  weakly  allowed  because  both 
a higher  order  multipole  process  and  a departure  from  the  L-S 
coupling  are  involved.  In  contrast  two  photon  transitions 
between  6^P°  and  6^Pj  only  require  an  intermediate  state 
which  is  coupled  to  both  states  by  an  allowed  transition  and 
an  intercombination  transition.  Since  intercombination 
transitions  in  mercury  are  relatively  strong,  a population 
inversion  in  the  6^P°  - 6^Pj  system  is  a potential  two  photon 
gain  medium.  The  details  of  this  proposed  system  are  discussed 
in  Appendix  E . The  following  section  describes  recent  two 
photon  gain  calculations. 
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Two  Photon  Gain  Calculations 


The  calculation  of  two  photon  gain  in  mercury  involves 
evaluating  all  relevant  matrix  elements  for  intermediate 
states  in  the  intermediate  angular  momentum  coupling  scheme. 
However,  in  practice,  such  calculations  may  be  simplified 
for  frequencies  that  are  close  to  the  one-photon  transition 
frequency  of  an  intermediate  state.  The  near-resonance 
condition  not  only  reduces  the  number  of  intermediate  states 
to  just  a few,  but  also  enhances  the  two  photon  gain.  Experi- 
mentally such  near-resonance  enhancement  in  nonlinear  optical 

43 

processes  has  been  observed  in  two-photon  absorption, 

44  45  46 

Raman  scattering,  ’ third  harmonic  generation,  and  four- 

47 

wave  mixing  processes.  This  section  illustrates  the  use 
of  computational  methods  described  in  Appendices  C and  D 
in  calculating  the  ASRS  cross-sections  in  Hg  within  the 
near-resonance  approximation. 

The  energy  level  structure  of  mercury  as  shown  in  Fig.  8 

has  two  major  contributions  to  the  two  photon  gain  from  the 

1 3 1 o 

7 and  7 states  lying  above  the  6 P°  state.  Due  to 

the  positions  of  the  intermediate  states  anti-Stokes  Raman 
scattering  dominates  over  two-photon  emission.  In  particular 
the  ASRS  cross-section  may  be  expected  to  increase  dramatically 
for  frequencies  close  to  the  6 ^P°  - 7^Sq(X  = 1014  nm)  and 
6 ^P°  - 7 ^S^  ( Ik  = 1207  nm)  transitions  due  to  the  near-reso- 
nance enhancement . 
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The  ASRS  cross-section,  (do/dfi),  for  the  6 - 6 

X u 

transitions  can  be  calculated  from  Eq.(3.28).  Using  the 
near-resonance  approximation  for  the  two  intermediate  states 
a simplified  formula  is  given  by 


(-)  - 

‘^3  V* 

k 

r s 

p 

(-1)'’  S.p  1 

1 

2 

\d  /ASRS 

m 1 

. ^^“kb  ■ 

(4.1) 

where  the  summation  over  the  intermediate  states,  Ik>  , 

3 1 

includes  contributions  from  the  7 and  the  7 states. 

Various  parameters  in  Eq.(4.1)  are  given  by  the  following 
expressions  using  the  abbreviations,  (t>  and  (s>  , to  repre- 
sent the  triplet  and  the  singlet  intermediate  states,  respec- 
tively. The  upper  level  is  denoted  by  lb>  = 1 6 ^P° > ; the 
lower  levels  are  represented  by  |a>  = |6^Pj  > , where  J is 
equal  to  0,  1 , or  2 . The  reduced  matrix  element  products  are 
given  by 

= <a|l  y llkXbll  y l|k>*  (4.2) 

where  k = s or  k = t . The  3j  symbol  factors,  Sp  and 
S , are  defined  by 

-p 
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and 


(4.3b) 


where  J =0  and  J.  = 1 . The  intermediate  state  tran- 
s t 

sition  energies  are 


hto,  = E -E.  = 9859  cm 
sb  s b 

and 

h 0). , = E.  - E.  = 8282  cm 
tb  t b 


(4.4a) 

(4.4b) 


The  near-resonance  approximation  in  Eq.(4.1)  assumes  that 
the  incident  frequency,  , is  close  to  or  . 

The  ASRS  frequency,  , is  shifted  up  by  10027  cm  ^ for  J = 2, 
14657  cm  ^ for  J = 1 , and  16424  cm  ^ for  J = 0 . The 
ASRS  cross-sections  for  the  polarized  (p  = 0)  and  depolarized 
(p  = -l)  cases  can  be  computed  by  evaluating  Eqs.(4.3a)  and 
(4.3b)  with  a proper  value  of  p . 

The  numerical  values  of  Rj^  can  be  obtained  from  experi- 
mental data^^  according  to  a procedure  described  in  Appendix 
D.  The  values  of  Rj^  for  mercury  are  listed  in  Table  II,  and 
the  relative  signs  are  determined  from  the  mixing  coefficients 
of  the  6 , 6 , 6 ^02  . and  6 ^D2  states  in  the  inter- 

mediate coupling  scheme.  The  following  coefficients  are  used 
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Table  II 


THE  VALUES  OF  R,  FOR  MERCURY 
k 


fi  (u,  , 
kb 

(eao) 

(cm“^) 

0.2 

17265 

13.0 

8282 

5.3 

17327 

4.0 

17264 

1.2 

-54069 

2.4 

9859 

0.6 

17267 

8.9 

8282 

7.8 

17327 

6.5 

17264 

0.7 

17267 

5.6 

8282 

± indicates  undetermined  relative  sign. 
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to  describe  the  perturbed  wave  functions; 

|6^P">I=  a|6  ^P°>Ls  + B|6  ^P°>Ls  (4.5a) 

|6^P°>I=  ^Pl>LS  - ^P?>LS  (4.5h) 

a = 0.9849  , 6 = -0.1732  (4.5c) 

|6^D2>j=  a'  |e  ^D2>Lg  * B'  |6  ^D2>ls  (4.6a) 

|6\>j.  aM6\>Ls  - B'le'opj^g  (4.6b) 

a'  = 0.8067  , 8’  = 0.5909  (4.6c) 


The  ASRS  cross-sections  obtained  from  Eq.(4.1)  through 
Eq.(4.4)  and  Table  II  are  plotted  in  Figs.  9,  10,  and  11  as 
a function  of  the  incident  photon  energy.  The  solid  and 
the  dashed  curves  represent  (da/dfi)  for  the  polarized  ( 1|  ) 
and  depolarized  (i)  cases,  respectively.  The  solid  vertical 
lines  and  the  states  labeled  above  correspond  to  the  inter- 
mediate states.  The  dashed  vertical  lines  indicate  the 
frequencies  at  which  two-photon  absorption  (TPA)  resonances 
are  expected,  and  the  states  labeled  above  each  line  indi- 
cate the  final  states  in  TPA.  The  graphs  of  (dc/dfi)  clearly 
illustrate  the  near-resonance  enhancement  of  the  cross- 
section  as  the  incident  frequency  approaches  the  transition 
frequencies  of  the  intermediate  states.  The  frequency  dif- 
ference from  the  resonance  is  greater  than  50  cm~^  in 
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6'P°=^6^P° 


T»cu,  (cm"'* 


Fig.  9 — ASRS  cross-section  vs.  incic'ent  (trigger) 
photon  energy  for  the  Hg  (6^P°  • ^^^0^ 

transition.  Only  depolarized  (l)  Raman 
scattering  yields  non-vanishing  cross-section. 
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these  graphs,  since  smaller  detuning  must  be  properly 
described  by  resonance  Raman  and  resonance  fluorescence 
phenomena.  However,  it  is  interesting  to  note  that  both 
Fig.  9 and  Fig.  11  show  no  enhancement  from  the  7 state. 
This  behavior  is  due  to  the  angular  momentum  restrictions 
even  though  the  incident  photon  has  an  absorption  resonance 
at  the  transition  frequency. 

The  polarization  dependence  of  (da/dfi)  also  reveals 
interesting  results  in  Fig.  9 and  Fig.  10.  In  Fig.  9 the 
Raman  transition  is  only  permitted  for  the  depolarized  case. 
The  polarized  case  leads  to  (da/dfi)  = 0 identically.  This 
arises  from  the  property  of  the  3j  symbol  factors  in  Eq. 
(4.3).  Figure  10  shows  the  behavior  of  (do/dfi)  when  two 
intermediate  states  can  contribute  significantly.  The  cal- 
culation reveals  that  the  two  states  do  not  interfere  with 
each  other.  Instead,  the  states  simply  contribute  indepen- 
dently so  that  no  cancellation  of  terms  in  Eq.(4.1)  occurs. 
This  behavior  also  results  from  the  3j  symbol  factors. 

The  ASRS  cross-sections  for  1.064  pm  and  10.6  pm 
input  wavelengths  are  summarized  in  Table  III.  The  calcu- 
lations for  the  10.6  pm  case  include  additional  contribu- 

113  1 

tions  from  the  6 , 6 Dg  • 6 Dg  , and  6 states,  but 

these  terms  are  found  to  be  small  compared  to  the  value 
obtained  from  the  near-resonance  approximation  using  Eq.(4.1). 
As  expected  the  ASRS  cross-sections  at  10.6  pm  are  on  the 
order  of  10~  cm  compared  to  10  cm  at  1.064  pm. 
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Table  III 


(da/dn)^gj^g  AT  1.064  ym  AND  10.6  y m 
FOR  Hg  (6^P°  =>  6^P°) 


^1 

( y m) 

1 

|a> 

^3 

( y m) 

Ccm^) 

Polari- 

zation 

1.064 

0.5148 

-25 

1.6  X 10 

II 

6 ^P° 

0.4157 

4.6  X 10"^^ 

II 

6 ^P° 

0.3873 

1.3  X 10"^^ 

1 

0 

10.6 

0.9116 

1.4  X 10"^^ 

II 

6 ^P° 

0.6410 

3.4  X 10"^® 

II 

0.5758 

4.5  X 10"^® 

1 
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The  cross-sections  for  TPE  in  the  Hg  (6^P°-6^Pj) 
system  can  be  calculated  from  Eq.(3.28)  employing  the  same 
approximations  used  in  the  ASRS  case.  Unlike  the  ASRS  case 
the  energy  level  structure  does  not  allow  TPE  resonance 
enhancement.  Consequently  the  cross-sections  are  comparable 
to  the  non-resonant  ASRS  for  the  10.6  ym  input  wavelength. 

The  TPE  cross-sections  listed  in  Table  IV  suggest  that  the 
typical  values  for  the  TPE  process  in  atomic  systems  are  on 
the  order  of  to  10”^®  cm^  . 

3 . Experimental  Requirements 

The  calculated  curves  of  (do/dO)  suggest  that  the  ASRS 

gain  enhancement  is  favorable  for  input  wavelengths  near  1 ym. 

From  Table  III  the  value  of  (da/dO)  at  1.064  ym  is  equal 
-25  2 

to  4.6  X 10  cm  for  the  polarized  case.  Using  Eqs.(3.26) 
and  (3.30)  the  above  cross-section  yields  an  unsaturated 

_3 

ASRS  gain  coefficient  of  9 x 10  cm/MW  assuming  that  the 

“"1  16  —3 

linewidth  is  0.1  cm~  and  the  inversion  density  is  10  cm”  . 

o 

Thus  an  input  intensity  of  100  MW/cm'  at  1.064  ym  yields 

g 

an  exponential  gain  of  e in  a 10  cm  length  at  the  ASRS 
wavelength  of  0.4157  ym  . The  results  of  the  ASRS  and  TPE 
gain  calculations  are  summarized  in  Table  V.  These  esti- 
mates show  that  the  ASRS  infrared  up-conversion  in  the  Hg 
system  may  be  demonstrated  if  the  assumed  population  inver- 
sion density  can  be  realized. 

One  possible  method  of  achieving  population  inversion 
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Table  IV 


(da/dn)^p^  AT  1.064  ym  AND  10.6  ym 
FOR  Hg  (6^P°  =►  6^Pj) 


( y m) 

|a> 

^2 

(y  m) 

(da/dJ2)^pg 

/ 2. 

(cm  ) 

— 

Polari- 

zation 

1.064 

6^P° 

1.5.94 

-31 

2.0  X 10 

II 

6^?° 

1.902 

7.1  X 10"^® 

II 

1.423 

2.3  X 10'^^ 

1 

10.6 

1.101 

5.8  X 10“^® 

II 

6 

0.7292 

1.7  X 10'^® 

II 

e\ 

0.6460 

1.5  X 10“^® 

1 

Table  V 


TWO  PHOTON  GAIN  COEFFICIENTS*  AT  1.064  ym  AND  10.6  ym 
FOR  Hg  (6^°  - 6^Pj) 


|a> 

-ASRS 

,TPE 

Polar! 

^1 

( ym) 

(cm/MW) 

(cm/MW) 

zation 

1.064 

6 

4.8  X 10"^ 

5.8  X 10~® 

II 

6^P° 

9.0  X 10"^ 

2.9  X 10“® 

II 

6=P» 

2.2  X 10"^ 

5.3  X 10'® 

i 

10.6 

1.3  X 10"^ 

8.0  X 10“® 

II 

6 ^P° 

1.6  X 10"'* 

1.0  X lO"'* 

II 

6^P° 

1.7  X 10"^ 

6.9  X 10"® 

1 

Evaluated  with  Nu, 


10^®  cn.-3 


and  r = 0.1  cm 


-1 


84 


in  the  mercury  system  involves  optical  pumping  of  the  ground 

state  atoms  to  the  7 state  by  two-photon  absorption 

followed  by  a radiative  decay  to  the  6 level.  This 

pumping  scheme  is  shown  in  Fig.  8.  The  required  TPA  photon 

energy  corresponds  to  312,85  nm  radiation,  and  the  TPA 

-20  2 

cross-section  is  estimated  to  be  2.7  x 10  cm  at  an 

2 -1 
input  intensity  of  1 MW/cm  assuming  a linewidth  of  0.1  cm 

17  -3 

If  the  ground  state  density  is  10  cm  , 50  percent  ab- 
sorption in  a 1 meter  length  cell  requires  an  intensity  of 


3.7  MW/cm'" 


In  order  to  achieve  an  inversion  density  of 


10  "3  *“2  2 

10  cm  using  a pump  beam  area  of  10~  cm  the  pump 

pulse  must  have  at  least  25  mJ  at  312.85  nm  in  less  than 
0.67  microsecond.  The  use  of  shorter  pulses  increases  the 
pump  intensity,  and  greater  than  50%  absorption  can  be  ex- 
pected. However,  the  energy  requirement  can  be  relaxed  by 
a factor  of  two  at  most.  Furthermore,  higher  intensities 
may  cause  other  nonlinear  effects  and  reduce  the  TPA  pumping 
efficiency. 

The  TPA  optical  pumping  method  is  not  an  energy  effi- 
cient process  for  creating  a two  photon  gain  medium,  since 
it  requires  another  laser  for  a pump  source.  However,  it 
represents  one  possible  approach  in  an  effort  to  demonstrate 
the  ASRS  and  TPE  processes.  Currently  the  requirement  of 
25  mJ  of  tunable  ultraviolet  laser  output  presents  a major 
experimental  problem.  A high  power  dye  laser  system  with 
second  harmonic  generation  may  provide  a solution  in  the 
future. 
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C.  ATOMIC  IODINE  TPE  AND  ASRS  AMPLIFIER 

1 . Iodine  System 

g 

Carman  has  investigated  two  photon  energy  extraction 

schemes  using  the  metastable  state  of  atomic  iodine.  The 

system  was  proposed  by  Vinogradov  and  Yukov  ® based  on  a 

2 

population  inversion  obtained  between  the  ^1/2 

2 

stable  level  and  the  ^3/2  ground  state.  Carman  and 
53 

Lowdermilk  have  reported  an  observation  of  an  anti- 
Stokes  Raman  gain  in  a flashlamp  pumped  active  medium  using 
an  intense  input  beam  of  1.064  pm  radiation. 

Figure  12  shows  an  abbreviated  energy  level  diagram 
for  atomic  iodine.  As  indicated  in  the  figure,  two  photon 
processes  in  iodine  are  far  from  being  resonant  for  infrared 
and  visible  wavelength.  According  to  Carman's  analysis,  the 
non-resonant  character  of  the  iodine  system  leads  to  two 
different  modes  of  operation  for  optimum  performance.  One 
mode  of  operation  is  ASRS  using  a "trigger"  photon  energy 
which  is  small  compared  to  the  transition  energy  (7603  cm"^). 
The  long  wavelength  photon  maximizes  the  energy  gain  per 
photon,  since  ASRS  generates  one  photon  for  each  absorbed 
trigger  photon.  In  the  second  mode  of  operation  the  trigger 
photon  energy  is  exactly  equal  to  one  half  of  the  two-photon 
transition  energy.  Under  this  condition  stimulated  TPE 
dominates  and  the  intensity  growth  is  singular  until  saturation 
sets  in.  Since  energy  extraction  by  TPE  is  only  limited  by 
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Fig.  12  — Abbreviated  energy  level  diagram  of  atomic 
j iodine  for  TPE  and  ASRS  amplifier. 
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the  stored  energy  and  not  bounded  by  trigger  intensity  de- 
pletion which  occurs  in  the  ASRS  process,  the  degenerate 
TPE  extraction  is  considered  more  advantageous  initially. 
However,  four-wave  mixing  process  also  generates  the  ASRS 
signal  which  can  eventually  dominate  over  the  TPE  process. 

One  minor  drawback  of  using  the  degenerate  TPE  process 
is  that  demonstrating  a convincing  evidence  of  stimulated 
TPE  can  be  difficult  experimentally.  From  the  saturation 
characteristics  of  a degenerate  TPE  amplifier  discussed  in 

Chapter  III  a demonstration  experiment  requires  a population 

17  18  —3 

inversion  density  in  the  range  of  10  to  10  cm  in 
order  to  achieve  significant  signal  amplification.  The  non- 
degenerate TPE  amplification  removes  this  experimental  dif- 
ficulty by  amplifying  a small  injected  signal  at  the  comple- 
mentary TPE  frequency  using  an  intense  trigger  field  at  . 
However,  before  such  experiments  can  be  demonstrated  the 
two-photon  gain  coefficient  must  be  approximately  determined 
in  order  to  define  experimental  requirements.  A semi-empirical 
procedure  for  calculating  the  non-resonant  two  photon  gain 
coefficients  is  outlined  in  the  next  section. 

2 . Non-Resonant  Two  Photon  Gain 

The  energy  level  structure  of  atomic  iodine  presents 
theoretical  difficulties  in  calculating  the  non-resonant  two 
photon  gain  coefficients  due  to  a lack  of  knowledge  of  the 
relevant  matrix  elements.  However,  one  can  obtain  rough 


estimates  of  the  cross-sections  and  the  frequency  dependence 
by  considering  a few  intermediate  states  which  are  strongly 
coupled  to  the  metastable  state  and  the  ground  state.  The 
formula  for  the  cross-sections  are  given  by  Eq.(3.28),  and 
the  computational  methods  are  given  by  Eqs.(C.20a)  through 
(C.20e)  in  Appendix  C. 

The  strongly  coupled  intermediate  states  are  assumed  to 
2 2 

be  the  ^1/2  ^3/2  which  lie  at  about  50,000 

cm”  above  the  metastable  ^1/2  input  photon 

energies  much  smaller  than  50,000  cm  ^ the  frequency  de- 
pendence of  the  polarizability  components  in  Eqs.(C.20a)  and 
(C.20b)  can  be  factored  outside  the  summation  over  the  inter- 
mediate states.  Evaluating  the  3j  symbol  factors  for  the 
polarized  case  yields  the  following  approximate  formulas  for 
the  cross-sections: 


, ^\TPE  3 r , 1 -jZ 

d a \ w-  a)„  1 1 „ 

— = -2^  iR^r  (4.7) 

dQ/12  16  he  + (;j  + a)2J 


ASRS 


0)10,3 


1 1 
+ 


_.2  4 ^ '“k' 

16  h c [ 0)  - o)i  o,  + o)gJ 


(4.8) 


where 


IR.,1^  = K^P^/olUll  l<^P?/ollw"|| 


(4.9) 
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The  quantity  o)  in  Eqs.(4.7)  and  (4.8)  is  the  mean  transi- 
tion frequency  between  the  intermediate  states  and  the 

^P°/2  state.  In  deriving  Eqs.  (4.7),  (4.8)  and  (4.9)  the 

2 2 

contributions  from  the  ^1/2  ^3/2  intermediate 

states  are  combined  with  the  use  of  Eq.(D.9), 

In  TPE  the  frequency  dependence  can  be  simplified 
further  since  <<  uj  and  tOg  <<  w . 


, „\TPE  , 3 V 

dQL  ^ 


(4.10) 


Equations  (3.43),  (3.44),  and  (4.10)  also  lead  to  a simple 
expression  for  the  photon  flux  gain  coefficient  given  by 


6 = CO 


/N  U \ / 8 TT^  \ 


(4  11) 


Equation  (4.11)  shows  that  the  photon  flux  gain  coefficient 
peaks  at  the  degenerate  frequency  co^  = cOg  = 
non-degenerate  (cOj^  ^ cOg)  cases  6 decreases  symmetrically 
about  the  peak.  This  behavior  indicates  that  the  maximum 
extraction  rate  per  unit  length  occurs  at  the  degenerate 
frequency. 

The  frequency  dependence  of  (do/dO)  in  Eq . (4.8)  gives 
a relationship  between  the  reduced  matrix  element  product 


term 


and  the  experimentally  measurable  scattering 
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cross-section.  Therefore,  accurate  estimates  of  (da/dfi) 

2 

may  be  obtained  once  |Rj^|  is  determined  from  Eq.(4.10) 
using  experimentally  measured  values  of  (do/dQ)  at  certain 
frequencies.  Unfortunately,  such  data  are  not  available  in 
the  literature  at  the  present  time. 

An  alternative  to  the  above  semi-empirical  method  must 
rely  on  more  approximations  in  Eq.(4.9).  One  approach  con- 


sists of  evaluating  the  reduced  matrix  elements  in  terms  of 

39 


the  oscillator  strength, 
gives  the  relationship: 


Equation  (D.3)  of  Appendix  D 


KyJII  y II  y’J'>|  = (2J  + 1)  f(YJ^Y'J')  (ea 


(t) 


(4.12) 


where  R is  the  Rydberg  constant,  and  v is  the  transition 
-1 


frequency  in  cm 


For  strongly  coupled  transitions  the 


oscillator  strengths  are  on  the  order  of  unity.  This  approx- 

„ .2 


imation  yields  the  maximum  value  of 


R. 


k ' max 


35(ea  ) 
' o 


(4.13) 


The  numerical  computations  of  the  ASRS  and  TPE  cross-sections 
and  the  gain  coefficients  based  on  Eq.(4.13)  are  only  rough 
estimates,  but  they  provide  an  order  of  magnitude  reference 
for  experimental  measurements  as  well  as  the  largest  values 
that  can  be  expected.  Table  VI  lists  the  approximate  values 
of  (da/dn)  and  6 at  various  wavelengths.  The  intensity 
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Table  VI 


I(^P° 

'■  1/2 


2 o . 

3/2’ 


(do/dQ)  AND  INTENSITY  GAIN  COEFFICIENT  6 


Anti-Stokes  Raman  Scattering  (ASRS) 


Xj^(y  m ) 

XgC  ym  ) 

(da/dR) 

. 2. 

(cm  ) 

figCcm/MW) 

10.6 

1.17 

2.9  X 10“^° 

4.5  X 10"® 

2.63 

0,877 

2.9  X 10"^^ 

6.3  X 10~® 

1.91 

0.778 

5.9  X 10”^® 

7.2  X 10"® 

1.064 

0.588 

2.6  X 10"^® 

1.0  X 10"® 

0.532 

0.379 

2.5  X 10"^^ 

2.0  X 10"® 

0.355 

0.279 

1.5  X 10“^® 

4.4  X 10"® 

0.266 

0.221 

1.0  X 10"^^ 

1.4  X 10"^ 

Two-Photon  I 

Smission  (TPE) 

( ym  ) 

AgC  y m ) 

(da/dG) 

(cm^) 

62(cm/MW) 

10,6 

1.50 

1.6  X 10"®° 

4.1  X 10"® 

2.60 

2.66 

1.2  X 10"®° 

2.4  X 10"® 

1.91 

4.24 

3.9  X 10"®^ 

1.4  X 10"® 

*Calculated  with  Nu  = 10^^  cm  ^ and  F =0.1  cm 
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gain  coefficients  are  based  on  N = 10  cm  and 
r = 0.1  cm  A comparison  of  the  TPE  cross-sections  in 
Table  VI  for  iodine  and  Table  IV  for  mercury  shows  one  to 
two  orders  of  magnitude  smaller  values  for  the  iodine  system. 
The  difference  is  partly  due  to  a more  pronounced  non-resonant 
character  in  iodine,  but  the  primary  cause  is  the  smaller 
TPE  frequencies  generated  in  the  iodine  system. 

3 . Experiment 

The  experimental  studies  on  the  iodine  system  included 
population  inversion  in  the  metastable  state  and  several 
attempts  to  demonstrate  superf luorescent  anti-Stokes  Raman 
scattering.  Stimulated  ASRS  has  not  been  observed  yet,  but 
the  experimental  results  suggested  improvements  for  future 
experiments . 

The  present  experiment  employed  photolytic  production 
of  the  metastable  iodine  atoms  from  n-iodoheptaf lucropropane 
(n-CgF,^!)  molecules.  The  fourth  harmonic  of  a Nd;YAG  . ser 
system  provided  the  photolysis  radiation  at  266  nm  which 
is  near  the  peak  of  the  n-C^F,^!  absorption  band.  Figure  13 
schematically  shows  the  pumping  method. 

The  experimental  apparatus  consisted  of  a 55  cm  length 
cell  filled  with  10  to  20  torr  of  n-C^F,^!  . The  cell  was 
irradiated  with  a loosely  focussed  beam  of  266  nm  radiation 
using  a 1 rn  focal  length  lens.  The  focal  plane  of  the  lens 
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(b) 


Fig,  13  — Photolytic  production  of  population  inversion 
in  atomic  iodine  system:  (a)  Photolysis  of 
CgF^I  with  266  nm  radiation  yields  excited 
iodine  atoms,  and  population  inversion  leads 
to  optical  gain  at  the  1.315  vm  transition; 
(b)  schematic  TPE  and  ASRS  amplification  and 
energy  extraction  in  the  iodine  system. 
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coincided  with  the  midpoint  of  the  cell,  and  the  beam 
diameter  at  the  cell  windows  was  1 mm.  The  cell  absorbed 


all  of  pump  radiation  initially.  However,  a continued 
pumping  with  5 nsec  pulses  of  266  nm  radiation  with 
energies  of  up  to  5 mJ  per  pulse  eventually  exhausted 

3 

the  molecules  after  about  10  shots. 

In  order  to  verify  population  inversion  an  optical 
resonator  cavity  was  set  up  to  oscillate  the  atomic  iodine 
transition  at  1.315  um  . Figure  13a  indicates  the  observed 
transition.  The  cavity  consisted  of  a Im-curvature  high 
reflectance  mirror  at  1.315  um  and  a flat  95.3%  reflec- 
tance mirror  at  1.32  ym  separated  by  90  cm.  The  thres- 
hold pump  energy  was  0.67  mJ  with  an  oscillation  build-up 
time  of  about  200  nsec.  At  a pump  energy  of  1.9  mJ  , the 
output  energy  was  67  yJ  indicating  an  energy  conversion  of 
3.5  percent.  Such  small  conversion  efficiency  was  not  sur- 
prising since  no  attempt  was  made  to  properly  mode-match 
the  pump  beam  to  the  resonator  cavity. 

The  output  energy  measurements  above  threshold  showed  a 
conversion  efficiency  of  5.7  percent  of  the  pump  energy  in 
excess  of  the  threshold  value.  The  photon  conversion 
efficiency  is  obtained  by  multiplying  the  energy  efficiency 
by  the  ratio  of  the  pump  photon  energy  to  the  1.315  ym 
photon  energy.  The  calculation  yields  a photon  conversion 
of  28  percent.  Since  only  half  of  the  energy  stored  in  the 
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inverted  level  is  extracted  out,  the  actual  photolysis 

efficiency  is  56  percent. 

The  population  inversion  densities  achieved  in  the 

photolytically  pumped  medium  may  be  estimated  from  the 

threshold  inversion  density.  Since  the  round  trip  gain 

_2 

equals  the  loss  at  threshold,  aAnH  > 5 x 10  must  hold. 

—18  2 10 

Using  a cross-section  of  1.78  x 10  cm  and  an  inter- 

action length  of  10  cm,  the  threshold  inversion  density  is 
An  > 3 X 10  cm 

The  inversion  density  can  also  be  estimated  from  the 

threshold  pump  energy  density  and  the  photolysis  efficiency. 

15  -3 

The  calculation  gives  An  =:  6 x 10  cm  in  a reasonable 
agreement  with  the  above  estimate.  Therefore,  a 2 mJ  pump 
pulse  creates  a population  inversion  density  of 

16  -3 

An  = 1.4  ± 0.4  X 10  cm  . (4.14) 

In  an  attempt  to  observe  stimulated  ASRS  in  the 

2 

inverted  iodine  system  a trigger  pulse  of  -500  MW/cm  at 

1.064  urn  probed  the  10  cm  long  excited  region  pumped  by 

a 2 mJ  pulse.  Absence  of  superf luorescent  signal  signified 

-3 

that  the  intensity  gain  coefficient  is  less  than  4 x 10 

16  —3 

cm/MW  at  an  inversion  density  o‘  10  cm”  . This  result  is 

-5 

consistent  with  the  calculated  value  of  5 = 4 x 10  cm/MW 

using  a linewidth  of  0.74  GHz.  In  another  experiment,  a 

2 

trigger  pulse  of  -150  MW/cm  at  0.532  pm  probed  the 


- 96  - 


r — == 1 

inverted  medium.  A negative  result  indicated  that 
_2 

, 6 < 10  cm/MW  which  is  consistent  with  the  calculated 

6 - 0.8  X lO"'^  cm/MW. 

The  experimental  data  show  that  the  single  pass  gain, 

6IJI,  must  be  increased  by  at  least  two  orders  of  magnitude 

in  order  to  verify  the  calculated  values  of  6 . Since  trigger 

2 

intensities  are  limited  to  ~1  GW/cm  , the  inversion  density 

and  the  interaction  length  must  be  increased.  Realistic 

17  -3 

estimates  of  inversion  density  and  length  are  An  ~ 10  cm 
and  £ ~ 100  cm  for  existing  flashlamp  pumped  iodine  laser 
amplifiers  reported  in  the  literature These  estimates 
suggest  that  a demonstration  of  superf luorescent  ASRS 
output  may  be  marginally  feasible  with  the  currently  available 
technology.  However,  a demonstration  of  ASRS  amplification 
of  an  injected  signal  appears  to  be  much  more  probable. 

Similarly,  a stimulated  TPE  amplifier  has  a greater 
probability  of  a successful  operation  if  an  injected  signal 
at  the  TPE  frequency  is  used.  Table  VI  indicates  that  a 

4 

single-pass  exponential  gain  of  e at  1.5  ym  may  be 

2 

expected  for  a 10.6  ym  trigger  input  at  1 GW/cm 

17  -3  -1 

provided  that  An  = 10  cm  and  F = 0.1  cm  . A similar 

1 4 

calculation  yields  a gain  of  e ‘ at  4.24  ym  for  a 

2 

1.91  ym  trigger  input  at  1 GW/cm  . 

Stimulated  Raman  effect  in  molecular  hydrogen  gas  at 
20  atmospheres  of  pressure  has  recently  generated  more  than 
100  mJ  of  1.91  ym  radiation  from  a 1.064  ym  source. 
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A pulse  length  of  ~7  nsec  and  a beam  area  of  10  cm 

2 

can  easily  reach  1 GW/cm  intensity  levels.  Thus,  a 

successful  demonstation  of  stimulated  TPE  amplifier  requires 
17  -3 

a 10  cm  inversion  density  in  a 1 m long  active  medium 
and  an  injection  signal  at  4.24  ym  . These  requirements  are  j 

not  impossible,  but  they  are  not  without  challenging  experi- 
mental problems. 

This  chapter  has  illustrated  two  types  of  two-photon 
gain  medium.  The  discussion  on  the  atomic  mercury  system  : 

described  the  polarization  properties  and  the  near-resonance 
enhancement  of  ASRS  gain.  An  example  of  a system  with  non- 
resonant ASRS  and  TPE  was  presented  with  a review  of  the 
proposed  iodine  system.  Feasibility  studies  on  each  system 
led  to  experimental  requirements  that  can  be  achieved  with 
the  existing  technology.  However,  the  requirements  for 
stimulated  TPE  amplification  showed  that  a reasonable 
probability  of  success  exists  only  at  the  very  limit  of 
energy  storage  in  a metastable  system. 
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CHAPTER  V 


CONCLUSION 

This  work  has  contributed  to  a further  understanding 
of  the  limitations  of  energy  storage  in  metastable  states 
and  the  two  photon  energy  extracion  schemes  for  generating 
high  power  laser  outputs. 

The  experimental  studies  on  the  decay  properties  of  the 
metastable  mercury  excimer  system  identified  an  intrinsic 
non-radiative  deactivation  mechanism  that  ultimately  limits 
the  useful  lifetime  and  the  energy  storage  capacity  of  the 
metastable  states.  The  loss  mechanism  was  determined  to  be 
mutual  quenching  of  excited  metastable  species  by  two-body 
collisions.  Thus,  the  decay  mechanism  directly  tied  life- 
time and  capacity  as  interdependent  quantities.  The  measured 

quenching  rate  constant  suggested  that  an  inversion  density 

17  -3 

on  the  order  of  10  cm  and  a lifetime  of  0.1  microsecond 
are  the  practical  limits  of  energy  storage  in  the  mercury 
excimer  system.  Furthermore,  because  of  the  intrinsic  nature 
of  the  decay  mechanism  other  metastable  systems  are  likely 
to  be  governed  by  similar  storage  limitations. 

The  discussion  of  two  photon  energy  extraction  including 
saturation  of  the  population  inversion  extended  the  theory 
of  two  photon  amplificaion  for  the  case  of  an  ideal  two- 
photon  gain  medium.  The  exact  analytical  solutions  to  the 
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steady-state  amplification  equations  quantitatively  charac- 
terized the  extraction  efficiency  and  saturation  behavior  of 
an  ideal  two-photon  amplifier.  The  amplifier  performance 
could  then  be  evaluated  on  the  basis  of  trigger  intensity 
and  a gain  parameter,  G,  which  depends  only  on  the  trigger 
photon  frequency  and  the  parameters  of  the  medium.  One 
important  result  indicated  that  G greater  than  unity  is  a 
necessary  condition  for  efficient  extraction  by  amplifica- 
tion of  stimulated  two-photon  emission.  However,  for  G 
less  than  unity  efficient  amplification  at  the  comple- 
mentary frequency  to  the  trigger  frequency  could  still  be 
achieved  if  the  trigger  photon  flux  is  sufficiently  larger 
than  the  maximum  flux  that  can  be  extracted. 

Calculations  of  the  gain  parameter  showed  that  G > 1 

may  be  achieved  if  the  population  inversion  densities  of 
17  -3 

greater  than  10  cm  can  be  realized.  This  implies  that 
efficient  TPE  gain  medium  exists  only  at  the  maximum  storage 
limit  of  a vapor  medium  consisting  of  excited  metastable 
species . 

The  analysis  of  extraction  efficiency  and  saturation  did 
not  include  the  effects  of  competing  nonlinear  processes. 

i 

In  real  systems  ASRS  and  four-wave  mixing  can  be  significant  J 

*> 

and  should  be  included  in  the  extraction  calculations.  How-  | 

ever,  since  the  coupled  nonlinear  equations  cannot  be  solved 
analytically,  such  calculations  require  computer  numerical  I 
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methods.  Therefore,  the  Ideal  extraction  calculations 
provide  a helpful  guide  in  understanding  the  maximum  per- 
formance that  can  be  expected  of  a two-photon  amplifier. 

The  feasibility  analysis  of  the  proposed  gain  media 
using  atomic  mercury  and  iodine  showed  that  experimental 
requirements  are  feasible  but  not  without  careful  optimiza- 
tion of  the  currently  available  pumping  methods  and  trigger 
laser  sources.  Since  G is  of  the  order  of  unity  for  both 
systems  under  optimum  conditions,  only  moderate  amplification 
and  extraction  can  be  expected.  Thus,  an  efficient  two  photon 
gain  medium  remains  to  be  discovered  in  the  future.  Neverthe- 
less, a successful  demonstration  in  Hg  or  I would  be  interest- 
ing not  only  from  an  application  point  of  view  but  also  as  a 
new  physical  effect. 
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APPENDIX  A 


Optically  pumped  Hgj  studies 

K Komina  and  R.  L Byar 

tdmt04  L Cfiuwa  Labomttf,  W.  W.  Huan  Ltbimoim  •!  Wjafa  TmiiJW  (Mwntoi 
StoiyM  CatyWuM 
OUemd  1 NUjr  1977) 

TW  oaMiMM  irniwiiw  band!  af  aioheiilar  mcreitijr  M 0l33S  aad  0.419  fta  u«  ftciicd  ia  • port 
wnwp  «apar  bp  diract  cfncai  panipit  of  ibt  waUy  bonad  proiid  mmc  mnUciiln  mb  • S niee  pubs 
af  ialiMt  02dd  |Ui  radiaiioa  ia  ordar  to  «udy  lb*  tadiaina  aad  ooUaioaal  pnpcnic*  of  ibc  euiiad 
aelmis  « daiiiita  bctiMia  10*'  tad  10”  cni~*.  Fluonioaaet  tiait  htMoty  of  both  band*  ut  cmpiricaUjr 
aaalpad  ia  Mnaa  of  dyniaiin  ppooniiag  iho  ciciiad  molottiUi  Hm  aaalyois  inchida  t dcniity-dcpcndcat 
aoaopoaaMial  dtcay  fiiaod  by  biaadocalar  uciaior  quoacbtag  wiib  a mcawrtd  rau  conuui  of 
ftalolXlO'**  cat*  tec*'molacala~'.  Baaaiwc  of  inianat  ia  the  aiarctuy  lyMcin  ai  a poieniial  laaar 
Badiaa.  cMioiaua  of  gain  coafliciaaa  ara  demad  from  fluoraKcal  pover  BMasuramcait.  Howevar, 
aaaaiaaioa  aiaavramcnn  of  Iba  cacitad  medium  at  0929  and  0.4414  yim  ihow  aignificant  net  lou  dw 
a aacilad  him  abwrpiion  tnib  m cMimaiad  abiocpnon  cfoia  acetioo  M Iba  ordar  of  10'”  cm’  at  0.329 
|iaa  Eaafgy  itonga  Umiialiona  imphad  by  iha  btmoiacular  ciciaicr  quaaching  ia  abo  uaminad. 


L INTRODUCTION 

Th«  TUlble  and  the  ultraviolet  continuous  emission 
hnfufo  at  molecular  mercury  have  been  investigated'~*  as 
potential  laser  transitions  after  such  possibility  was 
pointed  oat  as  early  as  I960.*  The  Hg,  system  has  been 
considered  as  a potential  electric  discharge  pumped  la- 
ser medium  capable  of  efficiently  generating  high  output 
powers  at  wavelengths  of  Interest  for  laser  fusion  and 
photochemical  applications.  Although  stimulated  emis- 
skm  has  not  yet  been  demonstrated,  recent  developments 
have  included  gain  measurements  in  the  ultraviolet,  ’ 
electric  discharge  pumping  studies  of  a high  pressure 
mercury  vapor,*  and  spectroscopic  and  kinetic  analysis 
of  the  excited  molecular  states, 

The  molecalar  emission  bands  considered  for  laser 
action  are  due  to  bound-continuum  transitions  that  origi- 
nate from  the  lowest  bound  excited  states  and  terminate 
on  the  repulsive  part  of  the  ground  state  where  the  mole- 
cules dissociate  rapidly.  The  traditional  assignment  of 
the  nltnvlolet  band  centered  at  0.335  pm  is  the  *1,— 
transition  as  Indicated  In  Fig.  1,  while  that  of  the  visible 
hand  cantered  at  0.485  pm  is  the  *0;— *2^  transition  in- 
duced by  collisions  with  mercury  atoms.'  The  following 
reactions  describe  the  transitions: 

Hgt(l^  ~ 2 Hg<8's,)  ♦ hv  (0. 335  pm  band)  (1) 

Hg|(0C)4Hg(6'5^-*3Hg(6'5j+*v  (0.485  pm  band).  (2) 

Based  on  more  recent  extensive  studies  of  the  mercury 
fluorescence  bands,  Drullinger,  Hessel,  and  Smith*  sug- 
gest that  transitions  due  to  an  excited  mercury  trimer 
complex  may  be  responsible  for  the  0.485  pm  band  emis 
Sion  at  mercury  densities  greater  than  5xlo”  cm"*  and 
temperatures  above  575  *K.  According  to  their  kinetic 
results  the  excited  trimers,  Hgj,  exist  in  thermal  equi- 
librium with  the  excited  dimers,  Hgf,  and  radiate  by 
dissociating  into  atoms  as  described  by  the  following 
reactions; 

HgJ  ♦ 2Hc(6'SJ  - HgJ  ♦ Hg(6'SJ  (3) 

Mgf  - 3Kg(6'SJ  ♦ h»  (0.  485  pm  band).  (4) 

Because  a thermal  equilibrium  relationship  exists  be- 
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tween  Hgf  and  Hg;,  the  excited  dimers  and  trimers  arc 
collectively  referred  to  as  exdmers  in  this  paper,  and 
the  distinction  is  asserted  where  possible  or  necessary. 

The  early  Investigators**'*'  and  Drullinger  et  al.  * have 
also  studied  the  broad  continuous  absorption  band  associ- 
ated with  the  *2^  — *1.  transition.  The  absorption  due  to 
the  weakly  bound  ground  state  extends  from  about  0. 320 
pm  to  the  0.2537  pm  resonance  line  and  varies  as  the 
square  of  the  atomic  mercury  density.**  At  mercury 
densities  greater  than  10**  cm"*  where  resonance  line 
pumping  cannot  be  used  for  a large  volume  excitation, 
the  optical  pumping  of  the  ground  state  molecules  direct- 
ly creates  vibratlonally  excited  1.  molecules. 

We  have  used  this  molecular  optical  pumping  method 
to  Investigate  the  mercury  exclroer  system  as  a potential 
laser  medium  by  directly  creating  excimers  at  densities 
between  10*'  and  10*'  cm'*  with  a 5 nsec  pulse  of  0. 268 
pm  radiation  as  schematically  shown  In  Fig.  1.  Some  of 
the  radiative  and  coUlslonal  properties  of  the  excimers 
at  these  densities  are  studied  by  monitoring  fluorescence 
time  history  and  by  probing  the  excited  medium  at  0. 325 
and  0.4418  pm  with  a HeCd  laser.  Our  experimental  re- 
sults show  net  absorption  at  these  probe  wavelengths  and 
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no.  1.  Partial  potential  curves  of  Hg|  meleculs  aeeording  to 
Mreaowskl.  * The  excited  *7,  molecules  srs  crested  by  optical 
pumpliif  of  the  ground  stele  meieeules  with  S.  2CS  pm  rudlatleu. 
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evidence  of  bimolecular  qtienching  of  excimers 
cauaiag  a faster  decay  at  higher  excimer  densities.  Al- 
tboagh  sttnmiated  emission  due  to  excimers  is  absent  in 
the  opUcaUy  pumped  mercury  excimer  system,  the  re- 
sults of  oar  study  may  aid  in  the  further  understanding  of 
the  dyosmies  of  the  mercury  excimer  system  and  other 
excimer  laser  systems. 

IL  E^RIMENTAL  APPARATUS 

Figaro  2 shoars  a schematic  of  the  experimental  appa- 
ratoSb  Our  optical  pump  source  consisted  of  an  electro- 
optic  Q-swltchad  Nd : YAC  laser  with  an  unstable  resona- 
tor cavity  configuration  followed  by  two  stages  of  second 
harmonic  generator  crystals  to  produce  0. 266  um  radi- 
ation from  the  1.064  pm  laser.  The  unstable  resonator 
Md:YAG laser  produced  up  to  200  mJ  of  near  dilfraction 
limited  output  with  a 6. 3 mm  diameter  annular  beam 
cross  section  in  a 10  nsec  pulse  at  10  pulses  per  sec- 
ond.** The  1.064  pm  output  was  doubled  In  a Type  H an- 
gle phase-matched  25  mm  long  deuteratcd  potassium 
dlhydrogen  phosphate  (KD*P)  to  generate  up  to  30  nU  of 
0.S32  pm  riullatlon.  The  0. 532  pm  beam  was  trans- 
mitted through  a heat  absorbing  glass  filter  to  eliminate 
the  1.064  pm  radiation.  After  a 2 : 1 beam  reducing 
telescope,  the  collimated  3 mm  diameter  0. 532  pm 
beam  was  doubled  again  In  a Type  1 angle  phaaema‘ched 
25  mm  long  ammonium  dlhydrogen  phosphate  (ADF)  crys- 
tal to  generate  0. 266  pro  output  of  up  to  10  mJ  in  a 5 
nsec  pulse.  The *0.266  pm  beam  was  separated  from  the 
second  harmonic  by  Brewster  angle  quartz  prisms  and 
directed  to  a coll  containing  mercury  vapor.  The  colli- 
mated 0.266  pm  beam  has  an  effective  area  of  2x10*' 
cm',  yielding  a maximum  peak  intensity  of  100  MW/cm*. 
The  pumping  level  was  normally  held  to  less  than  5 mJ 
per  pulse  at  10  pulses  per  second  because  of  induced  sur- 
face scatter  loss  to  the  ADP  crystal  by  the  0. 266  pm 
radiation  at  higher  pumping  levels. 

The  mercury  cell  and  oven  apparatus  consisted  of  a 
quarts  cell  with  a sidearm  mercury  reservoir  inside  an 
oven  of  the  same  shape  with  Independent  temperature 
controls  for  each  section  of  the  cell.  The  cell  tube  had  . 
an  inner  diameter  of  1. 4 cm  and  a length  of  90  cm  with 


optically  conUcted  fused  silica  Brewster  windows  at  the 
ends  of  the  tube.  Pure  distilled  mercury  was  introduced 
Into  the  sidearm  tube  via  careful  cleaning  and  beke-out 
procedures  since  purity  and  cleanliness  have  been  rec- 
ognized to  be  essential.*  The  cell  and  sidearm  sectidos 
aid  all  glass  tubing  used  in  the  filling  procedure  were 
chemically  cleaned  with  chromic  acid  and  rinsed  with 
dlstlUed  water  several  times  before  treated  with  spec- 
troscopic grade  methanol  and  dry  nitrogen  gas.  The  en- 
tire filling  apparatus  was  torched  and  the  cell  and  side- 
arm  sections  were  baked  in  the  oven  at  over  76o  and 
400*C,  respectively,  for  three  hours  under  a vacuum  of 
2x10**  torr.  Pure  natural  isotopic  mercury  of  instru- 
ment grade  was  Introduced  into  the  filling  apparatus  un- 
der one  atmosphere  pressure  of  dry  nitrogen  and  the  ap- 
paratus was  sealed  and  evacuated  with  another  bake-out 
sequence.  The  mercury  droplets  were  slowly  distilled 
into  the  sidearm  until  2-3  g were  transferred  and  the 
sidearm  was  sealed. 

Several  thermocouples  monitored  the  vapor  tempera- 
ture at  various  positions  along  the  cell  and  sidearm.  The 
mercury  vapor  density  was  controlled  by  a section  of  the 
sidearm  having  the  lowest  temperature  from  which  the 
density  was  calculated  using  the  vapor  pressure  vs  tem- 
perature data. " The  sidearm  temperature  was  main- 
tained to  within  1 *C,  and  the  calculated  density  was  es- 
timated to  be  accurate  to  5%.  The  cell  was  operated  at 
a Hg  vapor  density  of  1-5 x 10**  cm**  at  pressures  in  the 
100-400  torr  range.  The  cell  temperature  was  main- 
tained at  S70±  5*C  in  order  to  prevent  vapor  condensa- 
tloa  in  the  cell  and  to  enhance  the  ultraviolet  band 
Intensity. 

The  pump  radiation  is  absorbed  by  the  Hg  vapor  ac- 
cording to  Lambert’s  law,  and  the  ratio  of  the  transmit- 
ted intensity  to  the  incident  Intensity  is  given  by  /(f)//(0) 
«exp(-  XiV'f),  where  .V  and  f are  the  Hg  density  and  the 
cell  length,  respectively,  ff  is  a wavelength  dependent 
parameter  which  has  a value  of  7. 27x  10***  cm*  at  0. 266 
pm'.*  Experimentally,  50^  of  the  pump  energy  is  ab- 
sorbed atAfw3.4xl0'*  cm"*. 

Fluorescence  from  the  cell  could  be  detected  either 
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from  the  ends  or  through  a side  hole  at  the  middle  of  the 
celt  tor  obsenratton  perpendicular  to  the  pump  beam. 

The  cell  temperature  at  the  middle  was  between  3S0  and 
360*C  because  of  the  oven  construction  geometry.  The 
side  fluorescence  detection  arrangement  included  a Cor* 
Ding  glass  7-Sl  filter  and  a S nm  wide  334  nmUg  line 
Olter  for  the  ultraviolet  band  and  a S nm  wide  488  nm 
spike  fitter  for  the  visible  band.  The  fluorescence  was 
detected  liy  an  RCA  7285  photomultiplier  tube  with  8*20 
response,  and  the  output  signal  was  monitored  on  a Tek- 
tronix 556  oscilloscope  with  IAS  wide  band  preamplifier. 
For  detection  of  wavelengths  outside  the  S-20  response 
■ range,  an  RCA  6903  photomultiplier  with  S-13  response 
for  shorter  ur  wavelengths  was  used.  Germanium  and 
sUicoo  detectors  were  used  for  infrared  and  visible 
atomic  emission.  Fluorescence  detectionfrom  one  end  of 
the  cell  was  arranged  with  the  same  filters  and  aim 
Chromatlx  1800  l/mm  grating  spectrometer  for  addition- 
al spectral  filtering  as  shown  in  Fig.  2. 

The  band  spectra  measurements  were  made  using  an 
arrangement  similar  to  the  above  without  the  5 nm  wide 
band  pass  filters.  The  spectral  scan  data  were  taken 
with  a laboratory  built  "box  car"  integrator  and  Hewlett- 
Packard  chart  recorder.  In  fluorescence  time  history 
measurements  which  did  not  require  high  spectral  reso- 
lution, the  filtering  consisted  of  a 60*  quartz  prism  for 
spatial  separation  followed  by  a 20  cm  J-Y  holographic 
monochrometer  with  2 nm  resolution. 

A series  of  experiments  for  probing  net  gain  or  less 
uhie  to  the  exclmers  was  conducted  by  measuring  the 
transmission  of  the  excited  medium  with  a Llconlx  Model 
301  cw  HeCd  laser  operating  at  0.4416  and  0.325  pm. 
The  probe  laser  had  a TCMg,  mode  beam  diameter  of  0. 9 
mm  and  a beam  divergence  of  0. 5 mrad.  The  probe 
beam  was  combined  and  overlapped  with  the  pump  beam 
by  reflecting  off  the  output  surface  of  the  second  prism 
as  shoam  in  Fig.  2.  Initial  experiments  with  focused 
pump  beam  showed  severe  beam  steering  effects  of  the 


FIG.  3.  0.33S  sm  band  fluorescence  spectra  at  Hg  density  of 
t.3xlo'*  cm“*  end  S70"C  vapor  temperature.  An  arrow  in- 
dicates the  posUton  of  the  0. 325  pm  probe  wavelength  used  In 
the  exclmer  optical  transmission  experiment. 
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FIG.  4.  0. 48S  pm  band  fluorescence  spectra  at  a Hg  density 
of  3.  lx  lO"  cm*’  and  STO'C  vapor  temperature.  Two  strong 
atomic  superfluorescent  emission  lines  at  0.4358  and  0.5481 
pm  are  also  observed. 


probe  beam  lasting  for  about  one  millisecond.  A 0.6328 
pm  HeNe  probe  beam  also  shjwed  the  same  behavior, 
and  the  cause  is  attributed  to  thermal  refractive  index 
variation  induced  by  the  excited  medium.  The  beam 
steering  problem  was  eliminated  by  carefully  overlapping 
the  probe  beam  with  the  collimated  unfocused  pump  beam. 

III.  RESULTS  AND  DISCUSSION 
A.  Fluorescence  spectra 

The  ultraviolet  and  the  visible  band  fluorescence  spec- 
tra excited  by  direct  optical  pumping  of  Hg,  molecules 
exhibited  the  well  known  features  of  the  emission  bands.’* 
Figure  3 shows  the  ultraviolet  band  which  has  a peak  at 
0.335  pm  with  an  estimated  half  maximum  width  of  30 
nm.  Figure  4 shows  the  visible  band  before  photomulti- 
plier response  correction.  The  band  has  a peak  near 
0.4BS  pm  with  a half  maximum  width  of  100  nm,  but  the 
photomultiplier  response  correction  shifts  the  true  peak 
wave  length  to  a value  between  0. 50  and  0. 52  pm.  Sev- 
eral small  dips  in  the  visible  band  spectra  occur  at  the 
same  positions  in  repeated  scans.  In  particular,  the 
dips  near  0.47-0,48  and  0.53  pm  appear  to  be  sugges- 
tive of  absorption.  The  origin  of  these  structures,  how- 
ever, Is  unknown  at  this  time. 

The  spectral  scans  in  the  ultraviolet  to  0.2  pm  showed 
no  evidence  of  any  other  molecular  emission  bands,  but 
did  show  several  fluorescent  emission  lines  due  to  neu- 
tral atomic  mercury  transitions.  Further  scans  in  the 
visible  and  infrared  revealed  additional  atomic  emission 
tines.  Twelve  of  the  nineteen  observed  emission  lines 
showed  stimulated  amplification  of  spontaneous  fluores- 
cence emission  or  superlluorescence.  Thesuperlluores- 
cence  and  the  normal  spontaneous  atomic  mercury  tran- 
sitions are  listed  In  Table  1,  The  mechanisms  of  atomic 
population  inversion  and  the  superfluorescent  laser  action 
have  been  Investigated  In  detail,  and  the  results  are  pub- 
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TABLC  L Observed  atomic  emiselon  llnsi. 


k (pa> 

TranaUioo 

Uemark  A 

Tran»Uion 

K«iDark 

S.2SST 

S’P.-S’D, 

(a) 

0.4047 

6’P, 

-7*S, 

(a) 

e.siM 

S’P,-S*fl, 

(a) 

0.407S 

-T'S, 

(a) 

t.3UU 

g>,-4>0, 

(a) 

0.4350 

0*P, 

-T'S, 

(d> 

e.slsu 

(a) 

0. 5461 

6*P, 

-7*5, 

(W* 

S.3341 

«'P,-8*S, 

(a) 

0.5770 

S'P| 

-0*0, 

(e) 

0.36M 

S*P,-S*fl, 

(W 

0.5791 

O'P, 

-s'o, 

(d 

•.3SSS 

S'Pj-s’fl, 

(c) 

1. 1287 

*1 

-7*P, 

(b) 

•.3M29 

s’p,  — 0*1), 

(c) 

1.357 

T'S, 

-7'P, 

(b) 

0.38S33 

S>P,-S’t), 

(O 

1.367 

7*5, 

-7*P, 

(b) 

1.595 

7*S| 

-7*P, 

(W 

'Normal  speaianeout  fluorescence  only. 

'Supetflaorescent  emission  (*  dominant  laser  lines). 
■Superflaorescent  emission  appeared  only  with  focused  pump 
radlaUea. 

^peiflaoresceiit  smlssloa  observed  only  at  low  pump  cnarttes. 


llshed  elaewhere.  ” A brief  discussion  of  the  pumping  - 
mechaBlsms  is  given  in  Sec.  m F following  the  results 
of  the  ecclroer  studies,  since  the  excimers  appear  to 
participate  'n  the  production  of  high  tying  atomic  states. 

The  total  fluorescence  energy  emitted  by  the  atomic 
transiUoa  was  less  than  1^  of  the  pump  energy,  and 
most  of  the  absorbed  pump  energy  was  radiated  by  the 
molecaUr  fluorescence.  We  have  measured  the  absolute 
fluorescence  yield  of  the  visible  band  using  a calibrated 
photonraltiplier.  The  measurements  were  made  at  the 
side  fluorescence  window  with  atomic  Hg  densities  of  N 
■>4,0x10“  cm"*  and  Afw4.4xio“  cm**  at  a vapor  tem- 
perature of  355*  a 1*C.  The  measured  pump  absorption 
was  0.015  cm*'  at  JVwd.OxlO'*  cm"*  and  0.016  cm"'  at 
W“4.4xl0'*  cm"'  lor  a pump  energy  density  of  30  mJ/ 
cm*.  Under  these  conditions,  the  measured  fluorescence 
yield  for  the  visible  band  was  between  0. 8 and  1. 0.  The 
visible  band  intensity  dominated  over  the  ultraviolet  band 
intensity  by  a ratio  of  10a  2 to  1.  The  relative  band  in- 
tensities were  reversed,  however,  when  the  fluorescence 
was  detected  from  the  e.xcited  vapor  at  570*C.  The 
effect  of  the  vapor  temperature  on  the  relative  band  in- 
tensities is  In  agreement  with  the  findings  of  Druilinger 
elaf.* 

B.  Fluorescence  time  history 

In  order  to  understand  the  dynamics  of  the  mercury 
excimer  system,  we  have  experimentally  analyzed  the 
time  history  of  the  excimer  fluorescence  bands  at  vari- 
ous Hg  densities  between  1 and  4. 5 x 10‘*  cm"*  at  tem- 
peratures of  355a  I'C  and  570a  5“C.  Figures  5 and  6 
Illustrate  the  representative  oscilloscope  traces  of  the 
fluorescence  time  history  of  the  0.335  and  the  0.485  pm 
bands.  A comparison  between  the  0. 335  pm  band  data 
and  the  0.485  pm  band  data  shows  that  the  two  fluores- 
cence Intensity  signals  differ  initially  but  become  simi- 
lar after  an  elapsed  lime  of  0. 5 pscc. 

The  0.335  pm  band  fluorescence  time  history  consists 


of  a fast  ** spike**  coincident  with  the  pump  pulse  and  a 
slowly  decaying  component  immediately  following  the  ini- 
tial "spike”.  Figure  5(a)  shows  these  features  at  a Hg 
density  of  3.4xlo“  cm"*  with  570*C  vapor  temperature. 
Tbs  width  of  the  "spike"  is  limited  by  the  10  nsec  time 
resotutlon  of  our  detection  system.  The  same  features 
appeared  at  all  wavelengths  between  0. 32  and  0. 36  pm. 
The  ultraviolet  fluorescence  time  history  at  the  355  *C 
vapor  temperature  also  showed  the  Initial  "spike"  fol- 
lowed by  a slow  decay.  A careful  aurrangement  of  spa- 
tial filtering  followed  by  a holographic  grating miono- 
chrometer  eliminated  scattering  from  the  0.266  pm  ra- 
diation and  the  superfluorescent  emission  at  0. 546  and 
0.365  pm,  but  the  initial  “spike"  and  the  slow  decay 
component  remained  unchanged.  Thus,  the  fast  compo- 
nent "spike"  is  believed  to  be  associated  with  the  ultra- 
violet fluorescent  emission  from  the  excited  molecules. 
Recent  experimental  analysis  of  the  fast  decay  compo- 
nent by  Smith  et  at.*  concur  with  our  interpretation. 

The  visible  band  fluorescence  time  history  showed  a 
gradual  fluorescence  intensity  growth  that  differed  con- 
siderably from  the  time  dependence  of  the  ultraviolet 
band  fluorescence.  Figure  6(a)  shows  the  growth  of  the 


FIG.  5.  0.335  pm  band  fluorescence  time  history  traces  at  a 
Hg  density  of  3.4xl0“  cm"*  and  570  *0  vapor  temperature. 

(a)  Initial  behavior  showing  a "spike"  and  a alow  decay."  (b) 
loDgtIme  decay  with  nonexponenilai  character  at  a pump  vnorgy 
of  —2  mJ;  (c)  long  time  decay  with  nearly  ein>onentlal  charac- 
ter at  a pump  energy  of  — 0.  5 m3. 
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no.  <.  0.48S  tun  band  (luoreacenca  time  history  traces  at  a 
Hg  density  of  3.  8x  lo"  cm"^  and  356 *C  vapor  temperature,  (a) 
Initial  growth  behavior  and  a small  amount  of  superfluorescent 
0. 5461  pm  radiation  transmitted  through  a 488  nm  band  pass 
filter;  (b)  long  time  decay  with  nearly  exponential  character  at 
a pump  energy  of  0. 12  mJ;  (c)  long  time  decay  with  non*ex- 
pooentlal  character  at  a pump  energy  of  0. 37  mJ. 


0.4BS  pm  band  Intensity  as  a (unction  of  time  at  a Hg 
density  of  3.8x10"  cm"®  with  356  °C  vapor  temperature. 
The  fiuorescence  intensity  starts  from  essentialiy  zero 
signal  at  the  time  of  excitation  and  reaches  a peak  value 
In  0.5  psec.  A 488  nm  band  pass  filter  that  was  used  to 
monitor  the  visible  band  also  transmitted  a small  amount 
of  superfluorescent  0. 546  pm  radiation.  The  transmit- 
ted radiation  was  recorded  with  the  visible  band  fluores- 
cence signal  as  a fast  pulse  marking  the  time  of  excitation. 

The  growth  curve  of  the  0. 485  pm  band  fluorescence 
Intensity  is  well  approximated  by  an  exponential  return 
curve  of  the  form  (I  - e"*').  Figure  7 shows  the  values 
of  the  growth  rate,  rcpre.sented  by  the  parameter  b,  as 
a function  of  Hg  density,  .V,  at  a vapor  temperature  of 
356*C,  The  growth  rate  increases  from  5.7*0.8x10^ 
sec"'  at  Afw  1.9x10"  cm*’  to  11.0*  0.8x10*  sec*‘  at  W 
“3.8x10"  cm**,  which  Indicates  that  6 has  an  approxi- 
mately linear  dependence  on  the  Hg  density. 


' For  observation  times  longer  than  0.5  psec  the  two 
(Ittorvacence  bands  decayed  with  the  same  time  history. 
The  long  lime  decay  was  approximately  e.xponentlal  at 
low  excitation  energies,  but  became  non-exponential  at 
higher  pump  energies.  i 


FIG.  7.  0.485  pm  band  fiuoreaoenca  growth  race  as  a function 
of  Hg  denalty,  N,  at  354‘C  vapor  temperature. 


The  Initial  nonexponential  decay  at  higher  pump  ener- 
gies gradually  became  an  exponential  character  when  the 
fluorescence  intensity  had  diminished  to  a level  compa- 
rable to  the  peak  of  the  fluorescence  intensity  under  low 
energy  excitation.  Figures  5(b)  and  5(c)  illustrate  this 
behavior  for  the  ultraviolet  band  Intensity.  Figures  6(b) 
and  6(c)  show  the  same  effect  lor  the  visible  band  inten- 
sity. Thus,  in  order  to  measure  the  long  time  exponen- 
tial decay  rate  the  excitation  energy  was  kept  to  a mini- 
mum. The  results  of  these  measurements  are  plotted 
In  Fig.  8 as  a function  of  Hg  density  at  a vapor  tempera- 
ture of  355**  1*C. 

The  observed  exponential  decay  rate  ranges  from  3.3 
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FIG.  B.  Long  tlm«  e^rponcntlal  decay  rate  as  s (unction  of  ll( 
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xlo*  aec"*  to  5xlo‘  sec*',  corresponding  to  a time  con- 
stant ot  30  to  20  Msec,  respectively.  These  values  o( 
decay  rate  are  somewhat  larger  than  those  obUined  by 
Dralllnger  el  al.  ’ The  slight  discrepancy  on  the  order 
of  20?o  Is  possibly  due  to  quenching  by  a small  amount  of 
tmimrltlas  In  the  cell.  However,  a cleanliness  teslf  us- 
ing a HeCd  laser  at  0. 325  and  0,4416  pm  to  probe  the 
vapor  showed  no  noticeable  fluorescence  after  several 
mootbs  of  operation. 

The  results  ot  the  fluorescence  time  hlstoiy  meaaure- 
bieots  may  be  represented  by  empirical  formulas  for  the 
popolatloo  of  each  molecular  species  that  are  responsible 
for  the  respective  fluorescence.  For  low  excitation  en- 
ergles,  the  population  of  the  0.485  pm  band  radiators  is 
tfescrlbed  by  the  difference  of  two  exponential  decay 
terms: 

■(0. 485  pm  band  radiator)  a [e""  - e"*' ) . (5) 

The  parameters  a and  6 are  the  long  time  decay  rate  and 
the  Quorescenca  growth  rate,  respectively.  The  popu- 
lation of  the  0.335  pm  band  radiators  for  time  />40nsec 
Is  approximated  by  a simple  exponential  decay  involving 
the  same  long  time  decay  rate  for  the  visible  band; 

■(0.  335  pm  band  radiator)  a [e~^].  (6) 

For  time  t<0.  5 psec,  the  0. 335  pm  band  fluorescence 
Intensity  shows  a slight  upward  departure  from  the  above 
equation.  However,  signal-to-noise  limitations  pre- 
vented detailed  analysis  of  the  decay  behavior  in  the 
time  interval  from  40  to  500  nsec. 

Our  experimental  analysis  may  be  summarized  as  a 
qualitative  description  of  the  dynamics  of  the  molecular 
mercury  system  excited  by  a short  pulse  of  0.266  pm 
radiation.  The  molecular  absorption  of  the  pump  pho- 
tons^ each  having  an  energy  ot  37  590  cm*',  directly 
creates  vibratlonally  excited  1,  dimers  near  the  dissoci- 
ation energy  limit  of  the  0^  state.  This  limit  lies  at 
38 125  cm*'  above  the  ground  state  of  Hgj  if  the  ground 
state  dissociation  energy  is  assumed  to  be  480  cm*',  '* 

HgiCrp +liv( 0.266  pm)- HgjdJ*.  (7) 

Some  of  the  vibratlonally  excited  1,  dimers  may  undergo 
rapid  vibrational  relaxation  and  mixing  of  excited  elec- 
tronic states,  resulting  in  a thermal. equilibrium  distri- 
bution of  population  among  the  Hgf(I„  QJ,  1^  OJ,  0^  states 
In  less  than  40  nsec. 

Hg2(lJ'*Hg-Hg,*v.Hg.  (8) 

Alternatively,  kinetic  energy  might  be  assumed  to  be 
sufficient  to  dissociate  the  excited  molecules  into  the 
and  6‘S,  atoms  prior  to  vibrational  relaxation 

H6,(U’-Hg(’/>J  + Hg(6'So).  (9) 

Then,  the  excited  dimers  must  be  formed  by  three  body 
collisions  involving  the  mctastable  6’Po  atoms 

Hg(’Pj  + 2Hg-2Hgj*  + Hg.  (10) 

Recent  investigation  by  Stock  ef  al. " indicates  that  the 
above  processes,  Eq.  (9)  and  Eq.  (10),  account  for  more 
thM  60((i  of  the  molecular  fluorescence  when  the  mercury 
vapor  Is  optically  pumped  with  265  nm  radiation.  Using 


their  experimentally  determined  molecular  formation 
rate  ot  1.55x10'°'  cm'  sec**  the  0.335  pm  band  fluores- 
cence rise  time  is  560  nsec  at  W = 3. 4 x lo"  cm"*.  Our 
time  history  data  do  not  show  such  growth  behavior. 
However,  the  explanation  may  be  attributed  to  signal  de- 
tection limitations.  Fluorescence  from  excited  dimers 
governed  by  Eq.  (8)  may  also  contribute  partially  to  the 
early  fluorescence  time  history. 

Since  266  and  265  nm  photon  energy  difference  is  less 
than  kT,  the  reaction  paths  of  the  vibrationally* excited 
dimers  are  expected  to  be  similar  at  the  two  optical 
pumping  wavelengths.  Therefore,  the  dominant  proces- 
ses governing  the  0.335  pm  radiators  are  the  dissocia- 
tion of  vibrationally  excited  dimers  to  yield  metastable 
atoms  followed  by  the  formation  of  Hg^  molecules  via 
three  body  collisions. 

Drullinger  et  al.'  have  suggested  that  the  0. 485  pm 
band  fluorescence  at  Hg  densities  greater  than  5x  10" 
cm"*  and  temperatures  greater  than  575 'K  may  be  ex- 
plained in  terms  of  a bound  excited  trimer  complex,  Hg,*. 
The  trimer  state  is  estimated  to  lie  about  6500  cm*'  be- 
low the  1,  state  of  Hg,*  in  thermal  equilibrium.  Since  the 
Hg  density  and  temperature  in  our  experiments  satisfy 
the  above  conditions,  we  assume  that  the  Hg,”  and  Hgj* 
molecules  are  populated  in  thermal  equilibrium  accord- 
ing to  the  reaction  given  by  Eq.  (3) . 

If  the  Hgf  molecules  are  created  according  to  Eq.  (3), 
the  trimer  formation  rate  is  a function  of  the  forward 
and  reverse  reaction  rates  as  well  as  the  decay  rates  of 
each  species.  Because  ot  a lack  of  complete  kinetic 
data,  we  have  not  yet  analyzed  the  0.485  pm  band  fluo- 
rescence growth  rate  in  terms  ot  the  analytical  expres- 
sion for  the  trimer  formation  rate.  However,  the  em- 
pirical description  of  the  fluorescence  time  history  sug- 
gests that  a molecular  formation  process,  described  by 
Eq.  (3),  rather  than  a collision-induced  radiation  effect, 
described  by  Eq.  (2),  is  the  primary  mechanism  for  the 
production  of  the  0.465  pm  band  radiation  under  our  ex- 
perimental conditions.  This  description  is  helpful  in  the 
interpretation  of  the  excimer  absorption  measurements. 

C.  Biexcinner  quenching 

During  the  fluorescence  time  history  measurements 
we  encountered  nonexponential  decay  behavior  on  both 
the  ultraviolet  and  the  visible  bands  at  high  pump  ener- 
gies. After  plotting  several  decay  curves  obtained  at 
various  pump  energies  while  keeping  the  Hg  density  and 
temperature  constant,  we  realized  that  all  decay  curves 
could  be  matched  identically  by  shifting  the  origin  of 
time.  This  property  suggested  a quenching  process  that 
depends  on  the  density  of  the  excited  states.  An  evidence 
for  such  a quenching  process  in  molecular  mercury  was 
first  observed  by  Eckstrom  et  al.  '*  in  an  e beam  pumped 
high  pressure  mercury  vapor  experiment.  The  process 
was  interpreted  as  blexclmer  collislonal  deactivation  of 
the  excited  metastable  mo’ccules,  HgJ,  involving  the 
following  reaction; 

Hgr*ngr~HB,“*2Hg,  (11) 
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FIG.  9.  0.4SS  laa  band  nonexponentlal  long  time  decay  time 
bUtory  at  varioue  excitation  energies. 


Where  HgJ*  Is  assumed  to  be  an  unspecUied  highly  ex- 
cited molecule. 

If  the  effect  of  quenching  is  included  in  an  empirical 
rate  equation  for  -the  population  density  of  the  Hg”  mole- 
cules, n,  one  obtains  the  following  equation: 

(d/dO[»>(f)l=-o[«(f)]-  fc[H(f))*.  (12) 

The  exact  solution  of  the  above  equation  for  fif,  is  given 

by 

»(f)=no  . (13) 

The  biexclmer  quenching  rate  constant  is  given  by  the 
parameter  k.  7i^’> n[t^  is  the  population  density  at  time 
and  a is  the  long  time  exponential  decay  rate.  The 
solution  Indicates  a nonexponential  time  dependence  of 
r(1)  for  a time  interval  short  compared  to  the  reciprocal 
of  the  long  time  decay  rate.  For  n(f-  » 1 the  solu- 
tion becomes  approximately  e.xponential  with  the  long 
time  decay  rate.  These  properties  of  the  solution  agree 
well  with  the  experimentally  observed  decay  properties. 

In  order  to  determine  the  blexcimer  quenching  rate 
constant,  a set  of  0,485  pm  band  fluorescence  decay 
data  was  analyzed  using  the  method  of  least  squares 
curve  fit  of  the  data  with  the  exact  formula  given  by  Eq. 
(13).  Figure  9 shows  the  0.485  pm  band  fluorescence 
decay  data  and  the  curve  fit  indicated  by  the  dashed 
curves.  The  analysis  yielded  the  value  of  the  long  time 
decay  rate  and  the  values  of  fvi,  at  various  pump  ener- 
gies. The  value  of  Mo  for  the  lowest  pump  energy  could 
be  Independently  calculated  from  the  pump  beam  energy 
density  and  the  absorption  coefficient,  since  the  total 
exclmcr  fluorescence  yield  was  near  unity.  At  higher 
pump  energies  »,  at  1 pscc  was  calculated  from  the  rcta- 
tlve  fluorescence  signal  normalized  to  the  lowest  pump 
energy  data.  Figure  10  shows  the  plot  of  l-ng  as  a func- 
tion itg.  The  data  points  indicate  a linear  dependence  on 


Rg,  as  expected,  and  the  slope  of  the  plot  represents  the 
blexcimer  quenching  rate  constant,  k.'  A linear  least 
squares  curve  fit  of  the  data  points  yielded  the  rale  con- 
stant of  IxlO**”  cm’  sec*'  molecule'*  with  most  of 
the  uncertainty  due  to  our  estimate  of  the  beam  area. 

Our  value  of  k is  somewhat  larger  than  the  order  of  mag- 
nitude estimate  of  10*"  cm’  sec**  molecule*'  obtained  by 
Eckstrom  et  al.  ’*  However,  the  disagreement  might  be 
due  to  differences  in  the  experimental  conditions. 

The  fluorescence  time  history  of  the  0.335  pm  band 
and  the  0.485  pm  band  showed  a common  long  time  decay 
due  to  a thermal  equilibrium  distribution  of  the  radia- 
tors. As  long  as  the  blexcimer  quenching  rate  is  slow 
compared  to  processes  that  equilibrate  the  0. 335  pm 
band  and  the  0.485  pm  band  radiators,  the  common  flu- 
orescence decay  is  expected  regardless  of  which  molec- 
ular state  is  responsible  for  the  quenching,  A compari- 
son of  the  fluorescence  decay  data  of  the  two  bands  at 
356 *C  vapor  temperature  confirmed  this  point,  even 
though  the  relative  Intensity  of  the  0.335  pm  band  was 
an  order  of  magnitude  smaller  than  the  0.485  pm  band 
intensity. 

Since  the  quenching  rate  is  not  required  to  remain  the 
same  when  the  relative  population  distribution  of  the  ra- 
diators is  altered,  we  analyzed  the  0.335  pm  band  fluo- 
rescence decay  data  at  570'C  vapor  temperature.  The 
analysis  showed  that,  to  within  e.xperlmental  error  the 
biexcimer  quenching  rate  constant  was  the  same  as  the 
value  obtained  at  the  356*0  vapor  temperature.  Thus, 
the  quenching  behavior  is  not  appreciab’v  affected  by  the 
relative  population  distribution  of  the  C.  o3a  pm  band  and 
the  0. 485  pm  band  radiators. 

The  relative  populations  of  the  0.335  pm  band  radia- 
tors, the  0.485  pm  band  radiators,  and  the  metastable 
excited  dimers  in  the  OJ  and  0*  states  may  be  obtained 
from  the  results  of  the  theoretical  analyses  of  Smith  et 
al.*  For  the  0. 335  pm  band  radiators,  [l.l/fOJ] 

='e.xp(- 2500/1; r)  jields  a ratio  of  1.4x10*’  at  843"K  and 
3. 3 X 10*’  at  629  °K.  The  relative  population  of  the  0.  485 


FIG.  10.  blexcimer  qucnchli^  rate.  Jiitg,  ee  e function  of  the 
Initial  exetmer  density  n,. 
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Vmband  radiators  Is  given  by  (HeJl/lo;J»20x»x2.2 
xlO"**exp(4000/*T),  which  yields  a ratio  of  4x10*’  at 
843  *K  and  4x10*’  at  629 IC  for  the  total  exclmer  density 
of  lO"  cm**.  The  calculations  show  that  while  the 
(Hg)  l/(fal  varies  rapidly  with  T by  a factor  of  43, 
nearly  09%  of  the  excimcrs  resides  in  the  OJ  states. 

In  light  of  the  relative  population  distrlbutloa  in  the 
•xcimer  system  the  temperature  insensitive  blexcimer 
quenching  rate  may  be  interpreted  as  being  due  to  colli- 
•lonal  deactivation  of  excited  dimers  involviog  the  meta- 
stable  OJ  states.  Therefore,  the  biexctmer  loss  mech- 
anisms appear  to  be  directly  associated  with  the  OJ 
states  which  act  as  the  energy  reservoir  lor  the  entire 
exclmer  system. 

The  observed  properties  of  the  blexcimer  quenching 
suggest  that  the  quenching  process  could  significantly 
affect  the  decay  of  the  excited  mercury  molectiles  at 
densities  greater  than  10*’  cm**.  At  10*’  cm**  excited 
state  density  the  quenching  rate  becomes  ~ lO’  sec** 
which  reduces  the  effective  lifetime  of  the  molecules  to 
about  100  nsec.  Since  one  of  the  desirable  characteris- 
tics of  a high  power  laser  medium  with  high  output  en- 
ergy is  a storage  time  > 100  nsec,  a practical  limit  of 
the  excited  state  density  may  be  estimated  to  be  on  the 
order  of  10*’  cm**.  For  the  ultraviolet  band  this  limit 
ia  equivalent  to  about  SO  JA  of  optical  stored  energy. 
Bimolecular  colllslonal  deactivation  can  also  be  expected 
to  be  present  in  molecules  similar  to  the  Hg,  system, 
such  as  Cd,,  Zn,,  HjCd,  and  HgTl  and  a similar  excited 
state  density  limitation  may  apply  to  most  of  these  po- 
tential laser  media. 

D.  Fluorescence  power  and  gain 

One  of  the  essential  requirements  for  a laser  medium 
is  to  have  a sufficient  net  gain  within  its  spontaneous 
emission  bandwidth  to  achieve  threshold  for  oscillation. 
Metal  vapor  exclmer  systems  have  been  considered  as 
potential  candidates  having  high  power  output  and  wide 
tunablllty  in  the  visible  and  ultraviolet  wavelengths  with 
small  stimulated  emission  cross  sections  for  high  satu- 
ration Intensities.  ” One  difficulty,  however,  is  the 
small  stimulated  emission  cross  section,  on  the  order 
of  10***  cm*  to  lO"*’  cm*,  which  must  be  larger  than  the 
absorption  cross  section  as  well  as  large  enough  to  yield 
a net  gain  at  a reasonable  population  inversion  density 
for  oscillation.  Thus,  the  existence  of  a net  gain  be- 
comes the  crucial  factor  In  an  exclmer  system  such  as 
Hg,. 

Direct  gain  measurements  may  be  obtained  bv  a num- 
ber of  methods,  but  are  difficult  at  low  net  gains.  We 
chose  to  measure  the  gain  coefficient,  y,  by  measuring 
the  absolute  spontaneous  fluorescence  power  per  fre- 
quency interval  per  unit  volume,  dPidv,  emitted  from 
the  excited  region. 

For  a transition  with  a normallied  homogeneous  fre- 
quency distribution,  and  a frequency  insensitive 

spontaneous  emission  rate.  A,  we  have 

dP/dv‘ nAhv  g{i>)  (14) 


and 
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Combining  Eqs.  (14)  and  (IS)  yields 

where  A n and  n are  the  Inversion  density  and  the  exet- 
mer  population  density.  Theoretical  analysi^'  of  bound- 
continuum  transitions  In  diatomic  molecules  showed  that 
spontaneous  emission  power  spectrum  from  exclmer 
states  In  vibrational  thermal  equilibrium  may  be  well 
approximated  by  the  above  expression  for  dP/dv.  The 
frequency  distribution,  giii,  consists  td  a sum  over  con- 
tributions from  all  vibrational  states  In  thermal  equi- 
librium. g(v)  can  be  calculated  in  principle  If  the  pa- 
rameters of  the  upper  and  lower  state  potentials  are 
known.  Such  calculation  Is  not  necessary  for  obtaining 
y from  the  experimentally  measured  dP/dv.  Further- 
more, the  population  inversion  density,  A *i,  can  be  as- 
sumed to  be  equal  to  the  upper  state  density,  n,  for  a 
bound  continuum  transition  to  a repulsive  lower  state 
that  Is  well  above  the  kinetic  energy  of  the  ground  state 
atoms. 

Experimentally,  we  measured  an  approximate  value 
for  dPidv  near  the  peak  of  the  0. 48S  pm  band  at  v « Vo 
using  a 488  nm  spike  filter  with  a 10  nm  bandwidth  and 
a photomultiplier.  The  photomultiplier  power  response 
was  calibrated  using  an  argon  ion  laser  at  488  nm.  Thus, 
the  peak  gain  coefficient,  yo,  tvas  calculated  at  > = 0. 488 
|im  using 


y» 


(17) 
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At  a Hg  density  of  4. 3 x 10**  cm*’  and  355 ‘C  vapor  tem- 
perature, we  obtained  ygwg.Si  1.3x10*’  cm*‘  using  a 
relatively  low  pumping  level  of  -30  mJ/cm*  with  the 
corresponding  total  excited  state  density  of  6*  3x  10** 
cm**.  Under  the  same  pumping  conditions  a similar 
measurement  of  the  gain  coefficient  for  the  0. 335  pm 
band  gave  an  order  of  magnitude  smaller  value  than  the 
value  at  0.488  pm  In  good  agreement  with  the  theoreti- 
cal gain  estimates  obtained  by  Smith  et  nl.'  At  greater 
pumping  energy  densities  yg  Increases  to  a value  on  the 
order  of  10**  cm**,  but  since  the  pump  energywas  limit- 
ed to  5 mJ  larger  values  of  y,  were  not  observed. 

We  also  attempted  to  measure  dP/dv  from  the  high 
temperature  region  of  the  cell  where  the  ultraviolet  band 
fluorescence  is  dominant.  Because  of  a complex  fluo- 
rescence collection  geometry,  reliable  data  could  not  be 
obtained.  However,  we  estimate  a maximum  gain  coef- 
ficient on  the  order  of  10**  cm*'  at  0.335  pm  in  our  ex- 
periment by  considering  the  fluorescence  yield  and  the 
available  pump  energy. 

These  gain  coefficient  measurements  Imply  a single 
pass  gain  of  about  1%  in  our  cell  which  Is  detectable  with 
appropriate  electronics  If  there  are  no  appreciable  loss 
mechanisms.  Therefore,  in  order  to  measure  a net  sin- 
gle pass  gain  or  loss  for  the  mercury  excimer  system, 
we  probed  the  excited  medium  with  a cw  lleCd  laser  op- 
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eratlof  at  0.329  and  0.4416  uni.  The  measuremcnta 
are  dlacusacd  In  the  next  section. 

i.  Excmimt  optical  transmission  at  0.32S  and  0.4416  pm 

Preelotis  measurements  of  the  mercury  exclmcr  opti- 
cal transmission  have  been  made  with  e beam  pumped 
klfh  pressure  mercury  vapor.  Hill  et  at.*  observed  net 
loss  of  transmission  (or  vl.iible  wavelentrths  oo  the  short 
wavctaocth  side  o(  the  0. 489  pm  band.  More  recently, 
Schlle  ef  of.’  reported  net  ^in  measurements  at  several 
waveleofths  within  the  0. 339  pm  band.  One  o(  our  prln* 
c^ial  objectives  sraa  to  study  the  optical  tra.ssmission  ol 
the  excited  medium  under  a more  selective  production 
of  excimer  states  obtainable  with  optical  pumping.  Us- 
ing cw  HeCd  laser  outputs  at  0.4416  and  0.329  pm,  we 
probed  the  excited  mercury  vapor  to  measure  the  opti- 
cal transmission  as  a (unction  of  time. 

The  representative  0.  329  pm  probe  transmission  is 
characterized  by  a rapid  decrease  o(  signal  in  less  than 
90  nsec  followed  by  a gradual  recovery  lasting  about  20 
psec.  Figures  11(a)  and  11(U  show  the  transmission 
time  history  (rom  the  time  o(  the  pump  excitation  to  40 
psec.  The  HeCd  laser  output  fluctuation  caused  the  jit- 
ter In  Fig.  11(b),  but  the  probe  signal  was  relatively 
smooth  on  a fast  time  scale. 

The  depth  or  amplitude  of  signal  loss  varied  propor- 
tionally with  the  pump  energy  at  a constant  Hg  density. 

At  a fixed  pump  chergy  a decrease  in  the  Hg  density  led 
to  a smaller  signal  loss  as  indicated  by  Figs,  11(a)  and 
11(c).  This  was  expected  since  less  pump  energy  is  ab- 
sorbed at  a reduced  Hg  density.  The  0.4416  pm  probe 
transmission  demonstrated  the  same  time  history  shown 
In  Fig.  11(d),  but  the  depth  of  signal  loss  was  only  20% 
to  29%  of  the  loss  at  the  0. 329  pm  probe  wavelength  un- 
der the  same  conditions. 

The  signal  loss  amplitude  time  dependence  Is  quite 
similar  to  the  0.  339  pm  band  fluorescence  time  history 
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FIG.  It.  Probe  transmission  of  the  excited  mercury  vspor  at 
S'O’C.  la)  and  (b)  0.  325  pm  probe  tranamisaior.  al  a Hg  drnalt) 
of  4.  lx  lO"  cm'*  and  ■ pump  energy  of  1.2  nij;  Ic)  0.325  pm 
probe  Iranamisslon  nl  a Hg  density  of  3. 1 x lo"  cm'*  snd  a 
pump  energy  of  1.2  mj;  (dl  0.4416  pm  probe  transmission  si 
a Hg  density  of  3.  4 x lo'*  cm'*  snd  a pump  snergy  of  2 mJ. 


except  for  the  Initial  "spike. " This  correlation  suggests 
that  the  probe  signal  losa  ia  caused  by  the  same  excimer 
stales  that  are  responsible  for  the  0. 339  pm  band.  The 
optical  transmissioo  loss  Is  Interpreted  as  absorption 
due  to  certain  Hg;  excimer  states.  Since  several  elac- 
trooic  states  of  Hg,*  near  30000  cm**  above  the  ground 
state  are  believed  to  be  in  thermal  equilibrium,  the  low- 
est exettad  dimer  states  are  likely  to  be  primarily  re- 
sponsible for  absorption.  An  examination  of  the  Hg,  po- 
tential curves*'*'**  snggests  that  abaorption  from  the 
lowest  Hg;  states  to  several  higher  molecular 'states  ts 
energetically  possible  with  the  probe  wavelengths. 

It  is  not  known  whether  the  excited  state  absorption  it 
caused  by  bound-bound  or  bound-continuum  transitions, 
but  the  absorption  cross-section  at  the  probe  wavelengths 
can  be  obtained  experimentally.  Based  on  estimates  of 
the  eximer  density,  the  absorption  cross  section  for  the 
0.329  pm  wavelength  Is  estimated  to  be  greater  than 
10'*'  cm*.  A somewhat  smaller  absorption  is  obtained 
(or  the  0.4416  pm  wavelength. 

Our  observation  of  net  loss  at  0.4416  pm  is  consistent 
with  the  results  obtained  by  Hill  rf  nf.  ,*  but  the  mea- 
sured net  loss  at  0.  329  pm  In  our  experiment  is  in  dis- 
agreement with  Schlie’s  measurements.*  Recent  experi- 
ments by  Drullinger**  and  York  and  Judd**  also  showed 
evidence  of  net  loss  at  0. 329  pm.  The  reasons  for  the 
disagreement  are  not  well  understood,  but  it  has  been 
suggested**  that  the  difference  may  arise  (rom  the  pump- 
ing methods.  The  optical  pumping  scheme  generally 
provides  a more  selective  means  of  populating  excimers 
without  the  presence  of  free  electrons  and  other  excited 
species  generated  by  e beam  pumping.  Thus,  we  believe 
that  our  data  indicate  a net  absorption  at  0.329  pm  due  to 
Hg;  states. 

Our  measurements  also  indicate  that  the  loss  per  unit 
length  of  10'*  to  10"*  cm'*  exceeds  our  estimates  of  gain 
coefficient  by  more  than  an  order  of  magnitude.  There- 
fore, stimulated  emission  In  the  mercury  excimer  sys- 
tem'appears  to  be  prevented  by  excited  state  absorption. 
However,  without  a further  understanding  of  the  absorp- 
tion process  and  a detailed  spectroscopig  analysis  we 
cannot  stale  (or  certain  that  mercury  dimer  will  not 
achieve  net  gain  under  selected  conditions. 

F.  Superfluorescent  atomic  Hg  transitions 

Laser  action  has  been  observed  earlier  in  neutral 
atomic  mercury  by  direct  two  photon  pumping.**  We 
achieved  atomic  laser  action  in  our  experiment  by  opti- 
cal pumping  of  the  molecular  states  and  not  by  atomic 
two  photon  absorption  resonances.  The  fluorescence 
emission  line.x  have  been  identified  to  originate  from  the 
8*5i,  V*Py,  7‘Pi,  6*f)y,  and  6*0,  atomic  states.  The  ob- 
served emission  lines  are  listed  In  Table  I. 

One  of  the  strongest  superfluorescent  emission  from 
these  levels  is  the  6*f), -6’f,  transition  at  0.369  pm. 
Detailed  measurements  of  the  0,369  pm  output  energy 
showed  a quadratic  dependence  on  the  pump  energy  which 
suggested  absorption  of  two  pump  photons.  The  0, 369 
pm  output  was  proportional  lo  the  square  of  the  atomic 
mercury  density,  W,  Indicating  that  the  absorption  was 
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due  to  the  ground  state  Hgj  moieeules  wimse  equilibrium 
papulation  is  proportional  to  Af The  superfluorescent 
pulse  lasted  less  than  Z nsec  and  was  coincident  with  the 
peak  of  the  pump  pulse  at  all  pump  energies  above 
threshold.  These  results  suggested  that  the  6’0,  atoms 
are  produced  by  photodissociation  of  excited  molecules 
caused  by  either  direct  or  sequential  absorption  of  two 
pump  photons. 

Since  two  pump  photons  have  enough  energy  to  create 
atomic  states  below  7S  000  cm**,  molecular  two  photon  . 
absorption  followed  by  dissociation  can  explain  the  ob- 
served fluorescence  emission  lines. 

Hg;,(‘r?  + 2M0.266  Mm)-Hg,“  (18) 

Hg/*-Hg(6‘Sj  ♦Hg*(8*S„7’i»,,7‘P„6’f)„6‘flJ.  (19) 

Thus,  another  strong  superfluorescent  emission  at  1. 39! 
|im  corresponding  to  the  7*Pa~  transition  can  be  ex- 
plained by  the  above  pumping  mechanism. 

At  Hg  densities  y a 3 x 10**  cm-*,  the  7*5, - 6’p,  transi- 
tion at  0. 540  pm  becomes  the  dominant  laser  output  hav- 
ing the  lowest  pumping  threshold.  A typical  energy  con- 
version from  the  pump  to  the  green  output  was  less  than 
0, 17%  with  unfocused  beam,  but  up  to  1%  conversion 
could  be  achieved  with  a focused  beam.  The  output  en- 
ergy measurements  showed  a quadratic  dependence  on 
the  pump  energy  as  In  the  0. 365  pm  case,  but  the  output 
varied  approximately  as  iV*  instead  of  y*.  The  output 
pulse  also  showed  a 2 to  5 nsec  delay  relative  to  the 
pump  pulse  peak. 

The  0.546  pm  output  properties  could  not  be  explained 
by  the  same  pumping  mechanisms  governing  the  other 
emission  lines.  The  output  energy  and  threshold  mea- 
surements also  ruled  out  the  possibility  of  0. 546  pm 
laser  action  due  to  cascading  transitions  originating  fron 
the  7’P/  state.  This  Implied  that  the  primary  mecha- 
nism of  creating  the  7’S,  atoms  must  be  due  to  colUsional 
processes  Involving  the  exclmers.  The  pulse  delay  and 
the  output  energy  dependence  varying  as  high  powers  of 
y supported  this  hypothesis  and  led  to  two  models  of 
pumping  mechanisms. 

The  first  model  Is  based  on  bimolecular  excited  dimei 
collisions  followed  by  decomposition  to  yield  an  excited 
atom  In  the  7*5i  state  according  to  the  following  reaction 


Hg?*Hg?-Hg?*  + 2 Hg 

(20) 

Hg?‘-Hg(6*Sj  + Hg‘(7’S,). 

(21) 

Since  the  optically  pumped  Hg*  population  varies  as  y*, 
the  above  reactions  immediately  explained  the  y*  de- 
pendence of  the  output  and  the  pulse  delay.  However,  In 
order  for  this  process  to  be  the  primary  pumping  mech- 
anism, a bimolecular  rale  constant  of  10'*  cm’  sec'* 
molecule*'  Is  necessary.  The  corresponding  colUsional 
cross  section  Is  a,  w 3x  10*"  cm*.  ColUsional  deactiva- 
tion Involving  the  Hgie’P,)  and  Hg(6’P,)  atoms  Is  known 
to  have  comparable  cross  section  values.**  Since  opti- 
cal pumping  creates  1,  states  near  the  dissociation  limit 
of  the  Oj  state,  the  required  value  of  o,  is  not  unreason- 
able, even  though  the  bimolecular  rate  Is  an  order  of 


magnitude  larger  than  our  measured  value  for  the  exci- 
mers  in  the  lowest  excited  states. 

The  second  model  to  explain  the  delayed  0. 546  pro 
emission  Is  based  on  the  exclmer  photodissocUUon  by 
the  trailing  part  of  a 5 nsec  pump  pulse.  In  this  model 
collisions  are  assumed  to  yield  Hgj  and  Hgf  states  prior 
to  photodlssoclatlon.  Based  on  the  experimental  fluo- 
rescence growth-rate  this  process  is  estimated  to  yield 
z 10**  cm^  exclmer  density  during  a pump  pulse.  U 
these  exclmers  are  Immediately  photodissocla(pd  to  pro- 
duce the  7*51  atoms,  superfluorescence  threshold  could 
be  reached  provided  that  the  photodissociation  cross 
section  is  greater  than  10*"  cm*.  Since  the  Hg?  absorp- 
tion cross  section  at  0.  325  urn  is  estimated  to  be  great- 
er than  10"**  cm*,  the  delayed  exclmer  photodissociation 
model  can  be  considered  as  an  alternative  explanation  to 
the  bimolecular  dimer  colUsional  model. 

Experiments  designed  to  distinguish  the  two  models 
have  not  yet  been  conducted.  However,  once  the  pump- 
ing mechanism  is  understood,  the  superfluorescent 
0.546  pm  transition  may  be  useful  as  a diagnostic  tool 
for  monitoring  the  exclmer  population. 

IV.  CONCLUSION 

We  have  Investigated  by  optical  pumping  the  properties 
of  the  mercury  exclmer  system  which  may  be  relevant 
to  the  understanding  of  Hgj  as  a potential  laser  medium. 
Optical  pumping  with  0. 266  pm  radiation  excited  0. 335 
and  0.485  pm  band  fluorescence  which  showed  different 
Initial  time  history  and  a common  long  time  decay  be- 
havior. 

The  difference  in  the  Initial  time  history  arises  from 
the  different  formation  mechanisms  governing  the  fluo- 
rescence radiators.  The  optically  pumped  vibrationally 
excited  1,  dimers  are  partially  relaxed,  but  the  domi- 
nant reactions  leading  to  1,  population  are  the  creation 
of  */»,  metastable  atoms  by  dissociation  and  the  subse- 
quent Hg?  formation  via  three  body  collisions.  The 
0.485  pm  band  radiators  are  thought  to  be  Hg?  which 
are  formed  from  Hg?.  The  formation  rate  is  found  to 
be  nearly  proportional  to  the  Hg  density  from  1.9  to  3.8 
X lo"  cm**  with  the  corresponding  rates  of  5. 7 x Iff  sec** 
and  1. 1 X 10*  sec**.  The  Initial  time  history  lasting  0. 5 
psec  Is  followed  by  a common  decay  behavior  for  the 
both  bands  with  a typical  exponential  decay  time  constant 
of  20  to  30  psec. 

As  one  of  the  main  objectives  of  our  study,  we  have 
determined  gain  coefficients  for  the  continuous  emission 
bands  by  measuring  the  absolute  spontaneous  fluores- 
cence power  per  frequency  interval  per  volume  of  ex- 
cited mercury  vapor.  The  results  for  the  0.485  pm 
band  showed  a peak  gain  coefficient  of  2.5il.3xl0'* 
cm**  with  an  excited  state  density  of  6*3x10'*  cm**. 

The  same  conditions  gave  an  order  of  magnitude  smaller 
gain  coefficient  for  the  0.  335  pm  band,  but  the  higher 
vapor  temperature  enhanced  the  gain. 

Based  on  our  available  pump  energy  and  experimental 
conditions  we  estimated  a maximum  gain  coefficient  on 
the  order  of  10**  cm*'  for  the  0. 335  pm  band.  However, 
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when  the  excited  medium  transmission  was  probed  at 
0.32S  pm  a si^itlcant  net  loss  rather  than  gam  was 
observed.  The  time  history  ol  net  loss  is  interpreted 
as  net  absorption  due  to  the  Hg/  states  with  an  estimated 
sbsorption  cross  section  of  greater  than  lO"*'  cm*. 

Protw  transmission  at  0.4416  pm  also  showed  net  at>- 
soiptlon  cross  section.  The'se  measuremeots  signified 
that  cxclmer  absorption  may  be  more  than  an  order  of 
magnitude  greater  than  the  stimulated  emission  gala. 
Further  analysis  of  the  absorption  process  and  excited 
state  spectroscopy  are  needed  to  fully  evaluate  the  Hg, 
excimer  system  as  a potential  laser  medium.  However, 
our  results  indicate  that  a demonstration  of  stimulated 
emission  in  Hg,  is  likely  to  remain  a difficult  problem. 

Another  important  property  of  exclmers  aialyzed  in 
our  study  is  the  excited  state  deactivation  by  bimolecular 
excimer  collisions.  The  quenching  rate  constant  was 
measured  to  be  2e  1 x io"*“  cm’  sec"’  molecule'*.  The 
process  is  believed  to  be  an  Inherent  decay  property  di- 
rectly associated  with  the  low-lying  OJ  dimer  states 
which  serve  as  the  energy  reservoir  of  the  excimer  sys- 
tem. For  a potential  laser  medium  with  a 100  nsec  en- 
ergy storage  time,  the  biexcimer  quenching  process  im- 
plies an  inherently  limiting  excimer  density  on  the  order 
of  10*’  cm**,  which  is  equivalent  to  about  50  J/1  of  opti- 
cal stored  energy. 

The  mercury  excimer  system  has  yet  to  be  demon- 
strated as  a laser  medium,  but  our  optical  pumping 
studies  of  the  excited  states  show  some  of  the  radiative 
and  collisional  properties  at  excimer  densities  approach- 
ing the  required  inversion  densities  for  laser  oscillation. 
These  properties  are  likely  to  be  present  in  other  simi- 
lar molecular  systems  such  as  HgCd,  Cd,,  and  HgTl  and 
It  is  hoped  that  the  results  of  Hg,  experiments  will  be 
useful  in  understanding  the  dynamics  of  these  molecules. 
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Optically  pumped  atomic  mercuiy  photodissociation  laser 

H.  Komim  and  R.  L.  Byer 

Appikd  fhytia  Dtpanmtnt,  Edward  L Giratoa  Laboratory,  W,  W.  Haam  Laboratories  of  Mtysia. 

Stattfard  Uiiirersity,  Stanford.  California  94S05 

(Reodved  3 Janumry  1977;  accepted  for  publicatiofi  3 February  1977) 

We  have  leneraled  superfluoreacenl  laser  actkm  tn  atomic  mercury  at  0.346  and  0.363  tun  by  optically 
pumpinf  Hf]  with  0.266-tLm  radiation.  Superfitiorescent  thresholds  were  observed  at  less  than  6 trJ/cm^ 
input  energy  density  in  a 3-naec  pulse  for  an  atomic  mercury  densily  greater  than  3x  10"  cm  ' 

PACS  numbers:  42.33  Hi).  32  30Jc.  g2.30.Et.  32.30  4^ d 


The  mercury  dimer  prevlouely  has  been  suggested 
and  studied  as  a potential  ultraviolet  User  source. 
During  our  study  of  Hg,  by  optical  pumping  we  observed 
superfluorescent  User  action  (stimulated  amplification 
of  sponUneous  fluorescence  emission)  in  atomic  mer- 
cury. Laser  action  has  been  observed  earlier  in  atomic 
mercury  by  direct  two-photon  pumping.*  The  results 
reported  here  differ  from  previous  work  in  that  the 
atomic  Inversion  was  obtained  through  optical  pumping 
of  molecular  Hg,  followed  by  photodlssoclatlon  to  atomic 
mercury.  Observation  of  the  atomic  emission  has  led 
to  Information  about  the  dynamics  of  the  Hg,  system 
which  may  aid  In  an  understanding  of  Hg,  as  a potential 
User  medium. 

The  0. 266-Mni  pump  source  was  obUlned  by  quadru- 
pling a 1.064-Mni  Q-switched  Nd:YAG  User.  Our  un- 
stable resonator  NdrYAG  oscillator’  yields  up  to  200 
mJ  of  output  energy  at  10  pps  in  a near-diffraction- 
llmlted  10-nsec  pulse.  The  unfocused  6. 3-mm-dlam 
beam  generates  30  mJ  of  0. 532  pm  in  a 2.  S-cm-long 
angle-phase-matched  type-n  KD*P  crysUl  and  up  to 


FIG.  1,  Schematic  partial  energy  diagram  of  Hg-Hg,  system. 
Solid  molecular  curves  are  sketches  based  on  work  by  Hay, 
Duimtng,  and  RsftenettI  (Ref.  8)  and  Mrozowskl  (Ref.  91. 
Broken  curves  are  hypothetical  molecular  states. 


10  mJ  of  0. 266  pm  by  doubling  again  In  a 2.  S-cm-long 
angle-phase -matched  ADP  crysUl.  The  0. 266-)im 
beam  Is  separated  from  the  1.064-  and  0. 532-um  beams 
using  filters  and  prisms  and  directed  into  the  90-cm- 
long  mercury  cell  as  a 3-mm-dUm  collimated  beam. 

Following  the  mercury  celt  we  use  prisms,  filters, 
and  a 1-m  spectrometer  prior  to  the  photomultiplier 
detector  to  monitor  the  emission. 

The  mercury  cell  was  constructed  of  fused  silica 
with  optically  contacted  windows.  It  was  held  In  a tern-  j 

perature -controlled  oven  (-570  ’C)  with  an  independent-  1 

ly  controlled  side  arm  lor  vapor  pressure  adjustment. 

Mercury  density  at  a given  sldearm  temperature  was  I 

calculated  from  vapor-pressure— vs— temperature  data  i 

from  the  CRC  Handbook  of  Chemistry  and  Physics.  The 
cell  was  carefully  cleaned  and  baked  prior  to  being 
filled  with  triply  distilled  mercury. 

Figure  1 shows  an  abbreviated  schematic  energy- 
level  diagram  for  the  atomic  and  molecular  mercury 
systems.  The  incident  0.  266-um  radiation  pumps  the 
Hg](’l,)  level  directly  from  the  Van  der  Waals  bound 
Hg,  ground  state.  909r  of  the  Incident  0. 266-um  energy 
Is  absorbed  over  the  90-cm  path  length  at  an  Hg  atomic 
density  of  6xl0‘*  cm"*. 

At  a 0. 266-um  energy  density  near  6 mJ/cm*  we 
observed  strong  superfluorescent  emission  on  a number 
of  atomic  mercury  transitions.  We  also  observed 
fluorescent  emission  from  the  visible  and  ultraviolet 
Hg,  bands  centered  at  0.488  and  0.  335  pm.  Unfortunate- 
ly, we  measured  net  absorption  on  the  0.335-iim  band 


TABLE  I.  Observed  superfluorescent  Hg  stomlc  emission 
lines. 


Wavelcn^h 

Transition 

0.3650 

6’f>,-8*D, 

0.3655* 

6*P,-S’Dj 

0.36629* 

6‘3»,-6'D, 

0.36633* 

6*P,— 8*0, 

0.4358* 

6*P,  - 7*S, 

0.5461 

6’P,-7»S, 

0.5770* 

6'P,-8*0, 

0.5791* 

6‘P,  - 6*0, 

1.1287 

7^S,-7*P, 

1.357 

7*S,-7'P, 

1.367 

7>S,-7*P, 

1..395 



*Obaerved  when  pump  benm  was  Cacused  Into  ceil. 

^Appeared  as  superfluorescent  emisaioii  only  at  low  pump 
enerffes. 
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gy ratio  versus  pump  energy  at  various  atomic  Hg  densities, 

0,  M6-«im  data  (ratio  in  units  of  10*’). 


by  probing  with  a 0.  32S-|im  HeCd  User.  Details  of  the 
measurements  will  be  published  elsewhere. 

Table  1 shows  the  atomic  Hg  transitions  that  were 
observed  to  superfluoresce.  Of  these,  the  0.  365 
0. 546-,  and  1.395-iun  transitions  were  strong.  The 
green  0. 546-Mm  H'S, ~6’P,)  and  ultraviolet  0. 365-|im 
(6*D,  —t‘P,)  transitions  were  studied  in  deuil  to  help 
determine  the  pumping  mechanisms  Involved  In  creat- 
ing the  atomic  popuUtlon  Inversions. 

Figures  2(a)  and  2(b)  show  the  output  energy  ratios 
versus  the  Input  pump  energy  for  the  0.  365-  and  0. 546- 
fsn  transitions  at  various  atomic  mercury  number  den- 
sities. The  ultraviolet  output  energy  ratio  varies 
linearly  with  the  Input  pump  energy  showing  that  the 
0.  365-pm  emission  Is  proportional  to  the  incident  pump 
energy  squared.  The  green  output  energy  ratio  shows 
the  same  power-law  scaling  initially,  but  decreases 
when  the  0. 365-Mm  transition  reaches  threshold  and 
begins  to  oscllUte.  From  Fig.  2(b)  the  observed  con- 
version efficiency  Is  0. 1?*?  at  the  highest  Hg  density. 
However,  conversion  efficiencies  up  to  1%  have  been 
observed  when  the  Incident  0.  266-|im  pump  radiation 
was  focused  Into  a 30-cm-long  mercury  cell. 
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If  we  plot  the  slopes  shown  In  Figs.  2(a)  and  2(b) 
versus  the  second  power  of  the  atomic  number  density, 

S’,  we  obtain  the  results  shown  In  Fig.  3.  From  Fig. 

3 It  Is  evident  that  the  ultraviolet  emission  varies  as 
the  atomic  density  squared,  which  Is  the  same  depen- 
dence the  Hg,  density  has  relative  to  atomic  mercury 

density.  Inspection  of  the  atomic  levels  shows  that  | 

there  Is  not  a two-photon  resonance  within  ttie  atomic  ] 

system  so  that  the  S’  dependence  and  pump  energy 
squared  dependence  suggest  that  the  pumping  Is  within 
the  molecular  system  and  that  it  occurs  by  the  absorp- 
tion of  two  pump  photons  followed  by  direct  photodls- 
socUUon  of  Hg,  Into  the  6>D^,  VP,,  8*S„  6*D„  and  7‘P, 
atomic  levels.  The  pumping  mechanism  may  be  by 
either  sequential  absorption  of  two  photons  or  by  two- 
photon  absorption  within  the  molecular  system. 

On  the  other  hand  the  approximate  S’  depen/^'oee  of  < 

the  0. 546-pni  transition  suggests  pumping  meciuni»ms 
Involving  two  sxcited  dimers.  Hgf.  The  formation  of 
T’Si  atoms  may  occur  via  direct  dimer  collisions, 

Hrt  + Hg;-Hg(7’S,)  + 3Hg.  (1) 

or  through  Intermediate  reactions  involving  collisions 
with  metastable  6’P,  atoms.  Hg", 

Hg;-Hg-  + Hg,  I 

H^  + Hg*-Hg(7>S.)  + 2Hg,  (2) 

Hg-  + Hg--Hg(7>S,)+Hg,  (3)  I 

or  photodlssoclation  by  absorption  of  spontaneous  ' 

molecular  emission. 

Hgf— 2Hg  + *u).  ' 

Hg?+*u>-Hg(7>S.)  + Hg.  (4)  ;j 

Another  possible  mechanism  that  leads  to  S’  depen- 
dence  Is  a three-body  recombination  of  a metastable  ): 

atom  to  form  an  excited  dimer  Hgj  followed  by  photo- 

dissoclatlor.  by  the  0. 266-pm  pump  pulse.  ' 

Hg-  + Hg  + Hg-Hg;  + Hg,  (5)  i 
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H«;  + fc>»„-Hg(7*S,)  + Hg.  (6) 

D tbe  Rg^  formation  Is  assumed  to  be  In  thermal  equi- 
librium, the  lowest  excited  dimer  states  near  30000 
cm*'  above  the  ground  state  are  significantly  po|Mlated. 

A almple  energy  consideration  shows  that  a 0. 266-Mni 
pump  photon  has  only  enough  energy  to  cause  photo  - 
dissociation  of  Hg^  leading  to  an  excited  atom  in  the 
fS,  stats.  These  processes  should  lead  to  a time  delay 
of  the  0.  S46-Mra  emission  relative  to  the  0. 266-Mni 
pump  pulse. 

To  test  the  proposed  Inversion  mechanisms  we  care- 
fully measured  the  time  history  of  the  0. 365-  and 
0.  M6-Mm  transitions  with  a time  resolution  of  2 nsec. 
The  0. 365-pm  superfluorescent  pulse  Is  2 nsec  wide 
and  occurs  at  the  peak  of  the  5. 0-nsec-wide  0. 266-txm 
pump  pulse.  This  Is  consistent  with  pumping  via  two 
photons  followed  by  rapid  dissociation  to  the  G’D,  level. 

The  peak  of  the  0. 546-pm  pulse  Is  delayed  by  2 nsec 
for  a 1.  S-mJ  pump  pulse  and  by  5 nsec  for  a 0. 6-mJ 
pump  pulse  energy.  Longer  delays  are  not  observed 
since  the  0.  MG-pm  transition  Is  self-terminating.  The 
observed  time  behavior  of  the  0.  StG-pm  output  Is  con- 
sistent with  the  7*5,  formation  via  a collision  process 
followed  by  rapid  dissociation  of  the  highly  excited  Hg, 
molecules. 

Since  the  0.  54G-|im  superfluorescent  emission  self- 
termlnates  In  2 nsec  we  chose  to  monitor  the  7’S, 
population  by  observing  the  time  behavior  of  the  non- 
superfluoresclng  0.4358-|im  transition.  We  observed 
that  the  0. 4358-pm  fluorescence  had  slightly  less  than 
a 20-nsec  buildup  time  followed  by  an  Initial  exponential 
decay  time  of  less  than  10  nsec  and  a slower  tail  with  a 
decay  time  of  about  20  nsec.  The  peak  fluorescence 
emission  occurred  10  nsec  after  the  peak  of  the  0. 2G6- 
pm  pump  pulse. 

We  have  also  investigated  the  infrared  transitions  and 
observed  the  strongest  infrared  superfluorescence  at 
1.305  pm  corresponding  to  the  7'P,  — 7’Si  transition. 

The  auperfluorescence  threshold  pump  energy  for  this 
transition  was  observed  to  be  higher  than  that  for  the 
0.546- pm  emission  even  though  the  1.395-pm  transi- 
tion has  a larger  calculated  stimulated  emission  cross 
section  based  on  the  Einstein  A coefficients  for  these 
transitions. Furthermore,  the  threshold  pump  ener- 
gy for  the  1.395-pm  superfluorescencc  increased  from 
0.3  to  0.4  mJ  at  W=2.3xl0"/cm’  to  about  1 mJ  at  M 
= 3.0xlO*Vcm*.  These  observations  are  contrary  to  the 
expected  behavior  of  7'P  — 7^,  population  inversion  if 
the  mechanism  of  7’S,  formation  was  solely  due  to  radi- 
ative decay  from  the  7’P,  state  with  a lifetime"  of  43 
nsec.  Also  this  model  does  not  lead  to  the  S'  dependence 
of  the  0.546-pm  emission.  Thus,  while  the  7'P„— 7’S, 
radiative  decay  Is  observed,  experimental  evidence 
suggests  that  a more  dominant  mechanism  must  be 
responsible  for  the  formation  of  the  7’S,  state  at  high 
Hg  densities. 

The  formation  of  7’S,  states  via  mechanisms  (1)— (4) 
may  be  described  by  a simplified  rate  equation  with  re- 
spective rate  constants; 

+ *,)[HgJ  P + *,lHg,*l(Hg-l  + *,[Hg-p  - ; [7’S,  I, 


where  r is  the  lifetime  of  the  7’S,  state.  Since  a signifi- 
cant 7^,  population  is  observed  to  last  for  only  about 
20  nsec  after  the  pump  pulse,  the  primary  reactions  are 
assumed  to  be  those  involving  Hg^  species  which  may 
be  relatively  short-lived  vibratlonally  excited  dimers. 

If  we  assume  [Hg*l*  [Hg*l  during  and  immediately  fol- 
lowing the  pump  pulse,  we  may  obtain  an  estimate  for 
the  combined  rate  constant  *=*,♦>,  + *,  from  experi- 
menUldata.  At  M = 3.9xlO‘’/cm’ and  r = 570T.  a 
1-mJ  pump  pulse  creates  approximately  iC’/cm’  of 
Hgf  and  generates  a 0.  546-pm  pulse  of  about  0. 1 pj 
with  a 3-nsec  delay  with  respf.-ct  to  the  peak  of  the 
pump  pulse.  This  leads  to  k"  lO**  cm’/sec  for  an  esti- 
mate of  the  combined  rate  constant.  Since  the  mean 
relative  speed  Is  approximately  3x10’  cm/sec,  the 
corresponding  collisional  cross  section  is  about  3x10*" 
cm’.  This  value  of  k is  approximately  two  orders  of 
magnitude  greater  than  the  value  found  lor  dimer  col- 
lisions involving  dimers  in  the  bottom  of  the  potential 
well  as  previously  reported  by  workers  at  Stanford 
Research  Institute"  and  verified  by  our  Hg,  fluores- 
cence decay  measurements.  However,  our  estimate 
of  the  collisional  cross  section  is  not  unreasonable  for 
collisions  involving  excited  dimers  near  the  dissocia- 
tion limit  of  the  potential  well,  since  collisions  involv- 
ing two  excited  Hg  atoms  in  G’P,  or  G’P,  states  have 
cross  sections"  on  the  order  of  10*"  cm’. 

The  combined  rate  constant  Includes  a contribution 
due  to  photodissociation  of  dimers  by  spontaneous 
molecular  emission,  k,.  An  estimate  of  this  contribu- 
tion may  be  obtained  using  an  approximate  expression 
k,~^Ad.  where  o is  the  photodlssoclatlon  cross  sec- 
tion, A is  the  spontaneous  emission  rate  for  HgJ,  and 
d la  the  diameter  of  the  pump  beam.  If  the  atomic 
spontaneous  emission  rate  of  ~ GxlO*  sec*'  for  the 
G’P,  — 6‘S,  transition  Is  used  for  A and  o J 3 x lo*"  cm’ 
Is  assumed  from  our  dimer  absorption  measurement  at 
0.  325  pm.  then  h,  ^ 4 x 10'"  cm’/sec  Is  obtained.  Our 
estimate  of  k,  suggests  that  it  is  not  a significant  con- 
tribution to  the  combined  rate  constant;  however,  we 
cannot  completely  rule  out  the  possibility  of  a larger 
value  of  k,  since  accurate  values  for  A and  a are  not 
presently  available. 

If  the  direct  molecular  absorption  leads  Immediately 
to  dissociative  formation  of  metastable  atoms,  then 
processes  (5)  and  (6)  may  become  a primary  path  for 
the  formation  of  the  7’S,  state.  A pair  of  simplified 
equations  governing  processes  (5)  and  (6)  is  given  by 

^[Hg;l«*,W’[Hg-| 

and 

^(7’S,]-».[Hg;]-i(7’S,]. 

The  requisite  condition  for  this  process  to  be  important 
Is  that  Hgj  density  must  attain  at  least  lO'Vcm’  during 
the  pulse  length,  r,,  of  the  0.  266-|jm  radiation.  Using 
an  estimated  molecular  formation  rate  constant,  k,, 
of  about  (2— 3)xl0*’'  cm' /sec  molecule  and  assuming 
W = 3.9x10"  cm’  and  (Hg")*  l0"/cm’  during  a l-mJ 
pulse,  we  find  that  Hg{  density  may  reach  on  the  order 
of  10"/cm’  In  5 nsec.  The  photodlssoclatlon  rate,  k,. 
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inajr  b«  txprassad  In  terms  of  the  pump  Intensity  I,  snd 
the  photodlssoclatlon  cross  section  o. 

*,  = oV«w^. 

The  ra,  formaUan  Is  Hg^  density  limited  If  1. 
and  for  a l-mj  pulse  with  a 8. 4 x 10'*  cm*  beam  area 
this  condition  la  satisfied  If  0^6x10'**  cm*.  This  value 
of  e Is  comparable  to  the  dimer  absorption  cross  sec- 
tlan  obtained  at  0. 325  pm,  suggesting  that  the  above 
model  Is  a posalble  explanation  for  the  observed  prop- 
erties of  the  0.  S46-pm  emission.  Evidently  a correct 
model  for  the  formation  of  the  7*5,  slate  requires  a fur- 
ther underelandlng  of  the  kinetics  of  the  highly  excited 
dimers  near  the  dissociation  limit  of  the  *0;  state. 

fa  conclualon  we  have  observed  superfluorescent 
emission  In  atomic  mercury  due  to  dissociation  of  Hg, 
pumped  by  0.2S6-|im  radiation.  The  measured  Intensity 
and  density  dependence  suggest  that  two  pumping  mech- 
anisms are  involved;  direct  absorption  of  two  pump 
photons  by  Hg,  followed  by  rapid  dissociation,  and 
absorption  of  pump  photons  followed  by  dimer-dimer 
Interactions  and  radiative  excitations  leading  to  molec- 
ular dissociation  and  the  formation  of  mercury  atoms 
In  the  T*S,  level.  The  observed  superfluorescent  energy 
coaversion  efficiency  of  0.  IT*?  corresponds  to  an  7*S, 
Inversion  density  of  approximately  10“  cm'*  which  is 
formed  by  collisions  of  excited  dimers  at  a density 
near  10**— 10*’  cm'*.  The  S*  scaling  suggest  that 
dlmer-dlmer  collisions  are  an  Important  process  In 
the  production  of  atomic  mercury  states  and  may  be  a 


i 


Umlting  process  for  the  energy  storage  density  In 
future  dimer  User  systems. 
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APPENDIX  C 


POLARIZATION  PROPERTIES  OF  TWO  PHOTON  TRANSITIONS 

1.  INTRODUCTION 

In  two  photon  processes  the  transition  rate  is  a func- 
tion of  the  intensity  and  the  polarization  of  the  two  electro- 
magnetic fields.  In  calculating  the  gain  for  stimulated  two- 
photon  emission  and  anti-Stokes  Raman  scattering,  detailed 
information  on  the  polarization  dependence  is  necessary  to 
analyze  the  effect  of  more  than  one  intermediate  state.  A 
general  treatment  of  nonlinear  atomic  susceptibilities  using 

irreducible  spherical  tensor  techniques  by  Yuratich  and 
56 

Hanna  provides  means  of  studying  the  polarization  proper- 
ties. In  this  appendix  the  polarization  properties  of  two 

photon  transitions  are  derived  using  a similar  approach. 

(3) 

The  nonlinear  susceptibility  x and  the  transition 
( 2 ) 

rate  W for  two  photon  processes  are  obtained  from  per- 

turbation calculations.  In  the  electric  dipole  approximation 

36 

the  interaction  hamiltonian  is  given  by 

’^int  = - + Eg  + Eg)  (C.l) 
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where  the  electric  fields  are  given  by 


fj^(?,t)  = e + c.c. 


(C.2) 


For  two  photon  transtions  between  states  la>  = |y  J M > 

' a a a 

and  |b>  e with  an  energy  difference  the  reso- 
nance conditions  are  for  two-photon  emission 

(TPE)  and  0)2-0)^=  for  anti-Stokes  Raman  scattering  (ASRS) 

00 

The  perturbation  calculations  yield  the  following  formulas 
for  and  for  the  lb>  =*  | a>  transition. 


TPE 


= Xr 


TPE 


N,  - N 
b a 

E E i»i  2!^ 

M.  M 

L b a 

1 

4h  e 

0 

(C.3a) 


where  and  are  the  population  densities,  = 2J^+  1 
is  the  degeneracy  of  |b>  , and  T is  the  two  photon  tran- 
sition linewidth  (FWHM). 


TPE 

w/  = 

ba 

r/2 

lEil 

E 

\ 

El 

M 

a 

,2 

(r/2)^ 

8 

«.2 

b gb 

“1,2' 

(C.4a) 

„ASRS 

ba 

r/2 

-| 

1^3 

E 

“b 

E 

“a 

1 |2 

I n 1 

_(a)3-a)i-(^a>^  + 

(r/2)2 

8 

b gb 

'“1,3' 

(C.4b) 


<a|e2*  l^Xkle*- ti  |b>  <a|e*»ti  |k><k|e*-ti  |b> 


(C.5a) 


1,3 


k 


<a|e**u  |kXkUi*V  !t>>  <a|e^*tj  IkXklgg'ti  |b> 

h(a)kb-Wi) 


^kb‘'">3^ 


(C.5b) 
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Since  two  photon  transitions  are  second  order  precesses, 

a summation  over  intermediate  states  |k>  = I appears 

in  Eqs.(C.5a  and  5b).  The  expression  in  Eq.(C.5b)  is  the 

well  known  electric  dipole  form  of  the  Raman  scattering  po- 
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larizability . The  corresponding  term  for  two-photon  emis- 
sion has  a similar  form.  These  quantities  contain  the  fre- 
quency dependence,  the  matrix  elements,  and  the  polarization 
properties  of  the  two  photon  processes. 

When  the  quantum  numbers  of  a particulai  atomic  or  mole- 
cular system  are  specified  the  two  photon  transition  formulas 
may  be  reduced  to  a more  specific  and  useful  form  for  appli- 
cations. In  particular  the  angular  momentum  quantum  numbers 
yield  explicit  information  on  the  polarization  dependence  of 
the  matrix  elements  in  Eqs.(C.5a  and  5b).  In  atomic  systems 
the  total  angular  momentum  J and  the  spatial  component  M 
are  the  essential  quantities.  In  molecules  the  relevant 
quantities  are  the  symmetry  properties  and  the  rotational 
and  electronic  angular  momentum  quantum  numbers. 

2.  WIGNER-ECKART  THEOREM  AND  IRREDUCIBLE  TENSOR  OPERATORS 
The  mathematical  formalism  for  analyzing  the  polariza- 
tion dependence  of  the  matrix  elements  in  Eqs.(C.5a  and  5b) 

is  the  Wigner-Eckart  theorem  and  the  irreducible  tensor 

30  50 

operator  algebra.  ’ The  theorem  is  useful  in  computing 
the  matrix  element  of  a tensor  operator  as  a product  of 
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a "reduced  matrix  element"  and  a factor  that  contains  the 
geometrical  property  of  the  operator  and  the  angular  momentum 
quantum  numbers. 

The  Wigner-Eckart  theorem  states  that  the  matrix  element 
of  the  q-th  component  of  an  irreducible  spherical  tensor  op- 
erator  of  rank  k,  given  by  the  following  relation: 


<Y  J M (y  ' J'M'>  = (-1)' 


J 

k 

J' 

-M 

q 

M' 

’ J' 

(C.6) 


where  y represents  all  other  relevant  quantum  numbers. 

The  spherical  tensor  components  satisfy  the  following 
commutation  relations  with  the  angular  momentum  operator 
components. 


[Jq  , T<5>]  . q T<J> 


(C.7a) 


[■’+1  • ’■‘5’]  ■ - 


k(k+l)-q(q+l)  1 ^ ... 

(C.7b) 

o q+1 


[■’-1  ■ ’■‘5’]  - 


k(k+l )-q(q-l ) 
2 
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T^!]}  (C.7c) 


The  adjoint  of  the  operator  components  satisfies 


^(k)  t 


(C.8) 


The  factor  in  Eq.  (C.6)  containing  six  quantum  numbers 

is  the  Wigner  3j  symbol  which  represents  the  geometrical 

properties  of  the  matrix  element.  Some  of  the  properties  of 

the  3j  symbol  includes  i)  the  triangle  rule  for  (J,K,J'), 

ii)  -M  + q + M'  =0  , iii)  invariance  under  even  permutations 

of  the  columns,  and  iv)  a possible  sign  change  by  (-1) 

under  odd  permutations  of  the  columns  or  under  a sign  reversal 

of  the  bottom  row.  The  numerical  value  of  the  3j  symbols 

59 

can  be  computed  from  formulas  or  obtained  from  tables. 

The  3j  symbol  is  also  related  to  the  Clebsh-Gordan 
coef  f icient 


^ J3  + 1 


(C.9) 


The  double  bar  matrix  element  in  Eq.  (C.6)  is  the  reduced 
matrix  element  which  contains  the  physical  parameters  of  the 
operator.  Further  reduction  of  the  reduced  matrix  element  may 
be  obtained  by  specifying  the  coupling  scheme  of  the  angular 


of  the  total  orbital  angular  momentum  L and  the  total 


electron  spin  § to  yield  the  total  angular  momentum 
^ J + § is  a good  approximation.  However,  intercombina- 
tion transitions  (AS  f 0)  play  an  important  role  in  heavier 
elements,  and  the  intermediate  coupling  scheme  must  be  used. 
Thus,  a more  accurate  and  practical  method  of  computing  the 
reduced  matrix  element  in  general  is  to  evaluate  it  directly 
from  experimental  parameters.  This  computational  method  is 
discussed  in  Appendix  D. 


3.  POLARIZATION  PROPERTIES 

The  application  of  the  Wigner-Eckart  theorem  in  the  two 
photon  transition  formulas  first  requires  the  definition  of 
the  tensor  operator  components.  In  the  electric  dipole  approx- 
imation  the  operator  is  p = -e r , and  the  components  are  p •€  . 
Since  p is  a vector  operator  the  rank  is  k = 1 , 

p = T^^^  , (C.lOa) 

and  the  spherical  tensor  components  are 


(C. 10b) 


where  e is  the  unit  vector  defined  by 

q 

*0  ■ (C.llb) 

e.=  + -^re-ip1  (c.iic) 

-1  ^ L X yj 
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The  unit  vectors  in  the  spherical  tensor  notation 
describe  the  circular  polarizations,  and  e_j^  , 

when  the  propagation  direction  is  along  the  z axis.  This 
allows  a direct  application  of  the  Wigner-Eckart  theorem  for 
treating  the  case  of  two  circularly  polarized  collinear  light 
beams . 

The  treatment  of  the  cartesian  polarization  vectors, 
however,  requires  a linear  combination  of  the  spherical  tensor 
components.  For  a light  beam  propagating  along  the  y-axis 
the  two  allowed  components  are  e and  e . From  Eqs.(C.lla, 

Z X 

11b  and  11c),  the  cartesian  unit  vectors  are 


(C.12a) 


/V  1 y A • \ 


(C.12b) 


G = e„ 
z 0 


(C.12c) 


The  electric  dipole  operator  components  are  now  expressed  as 


u . = 


= T 


(1) 


(C.13a) 


= - t[V) 


\ -1  "+1 


(C.13b) 
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The  substitution  of  the  operator  components  from  Eq.(C.lOb) 
and  Eqs.(C.13a  and  13b)  into  the  Wigner-Eckart  theorem  yields 
explicit  polarization  dependence  of  the  matrix  elements  in 
Eqs.(C.5a  and  5b).  For  circularly  polarized  beams  the  matrix 
elements  are 


<Y  J M|  = (-l)'^-f'’  <Y  J||  U ||y'J'> 


J 1 J' 


-M  ± 1 M ' 


(C.14) 


In  the  case  of  linearly  polarized  light, 


<Y  J M|y  |y’J'M'>  = (-1)'^  ^<Y  J||  U ||y'J'> 


J 1 J' 


-M  0 M’ 


(C.15a) 


<Y  J M|p  |y’J'M’>  = (-1)'^-^’  <Y  J||  ti  IIy'J'  > 


J 1 J' 


yi”  \-M  -] 


J 1 J' 


1 M’/  \-M  +1  M' 


(C.15b) 


The  matrix  elements  of  may  be  computed  similarly 


using  Eq.(C.8)  or  the  relation 

<Y  J M|yJ|Y'J'M’>=<Y'J’M'|Uq|Y  J M>* 
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(C.16) 


The  matrix  elements  in  Eq.(C.14)  and  Eqs.(C.15a  and  15b) 
determine  the  polarization  properties  of  the  two  photon  tran- 
sitions. The  substitution  of  the  matrix  elements  into  Eqs. 
(C.5a  and  5b)  is  straightforward  and  leads  to  the  following 
formulas  for  various  polarization  cases. 


Circular  polarization 


, ^ J +J.  -M  -M. 

2 ~ (-1)  a b a b 


(C.17a) 


where  \ + ^2  ^1  ^ 


_ . . J +J. -M  -M. 

2 = (-1)  a b a b 


•'a  1 M/'^b  1 •^k’ 


\ 1 \\l\  1 '^k 


V\r”b-^1  «k/  V”a  ^\IW  H 


hCuikb-^^l) 


h(u)kb+u)3) 


(C. 17b) 
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where  with  q^^  = ±1  and  q^  = ±1. 

is  the  product  of  reduced  matrix  elements  given  by 

\ " ^^a  •^all  ^ II '^bH  ^ H^k  '^k^* 


(C.17c) 


Linear  polarization 


For  parallel  polarization  vectors  e^=  e„=  g_=  g gives 

j.  ^ o Z 


ct^  2 ^ (“1)  a b a b 


■ ? ■>!(- 


■'a  1 W \ 1 ■'k 


-"a  0 VV%  “ ‘'k/L’‘<“kb*“l>  ''(“kb*“2) 


(C. 18a) 


„ _ / X J +Jk-m  -HL 

2 - (-1)  abac 


E". 


•'a  1 \ 1 ■'k 


-Ma  0 \/\%  0 


1 1 
+ 


(C. 18b) 


where  Ma  = = Mj^. 
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For  perpendicular  polarization  vectors  g.=  e , e„=  g 

1 z z 

£3=  give 


= (-1)  a b a 13 


(C.19a) 


_ . - . J +J. -M  -M, 
= (-1)  a b a b 


(C. 19b) 


The  expressions  in  Eqs.(C.17),  (C.18),  and  (C.19)  are 


calculated  for  given  values  of  and  M^.  The  resulting  sum 

is  squared  and  summed  over  all  possible  values  of  and 

(31  (21 

in  order  to  obtain  x and  . In  performing  the 

summation  over  and  some  algebraic  simplification  can 
be  made  due  to  the  properties  of  the  3j  symbols.  For  the 
circular  polarization  case  once  q^  and  are  specified, 
the  restriction  on  M,  , M , and  M.  reduces  the  summations  to 
just  one  term  for  each  value  of  In  the  parallel  polar- 

ization case  the  summation  over  M and  M,  is  particularly 
simple  since  ~ summation  over  and 

in  the  perpendicular  polarization  case  also  leads  to  a more 
concise  expression  after  some  algebraic  manipulation.  The 
following  formulas  summarize  the  linear  polarization  cases. 

Linear  polarization 


r (-i)P  s 1 

“1.21''  ' E 

EE-b 

P -P 

h(u>kb+a)i)  fi(<^kb'"<*>2)  . 

“b 

(C.20a) 


EE 

“b  “a 


r (-i)P  s 1 

EE  \ 

p -p 

-f. 

_h(a.kb-<^l)  . 

2 


(C.20bl 
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where  p = 0 and  p = -1  describe  the  parallel  and  perpen- 
dicular polarization  cases,  respectively.  Sp  and  S_p  are 
the  3j  symbol  factors  given  by 


(C.20c) 


1 

-p  M^^+p/\-M^^-p 


1 

0 


(C.20d) 


R, 


<Vall  ^ 


IVk><  Vb 


(C.20e) 


In  summary  the  polarization  properties  of  the  two  photon 
transitions  can  be  analyzed  by  applying  the  Wigner-Eckart 
theorem  to  the  electric  dipole  matrix  elements.  The  3j  symbols 
yield  the  relationship  between  the  polarization  vectors  and 
the  angular  momentum  quantum  numbers.  Equations  (C.17)  through 
(C.20)  are  particularly  useful  when  only  a few  intermediate 
states  contribute  significantly  in  Eqs.(C.5a  and  5b).  For 
example,  if  the  reduced  matrix  elements  are  known,  the  inter- 

C 3 ■) 

ference  behavior  of  x can  be  analyzed  for  the  various 
polarization  conditions . 
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APPENDIX  D 


REDUCED  MATRIX  ELEMENT,  SPONTANEOUS  EMISSION  RATE 
AND  OSCILLATOR  STRENGTH  IN  TWO  PHOTON  TRANSITIONS 


The  numerical  computation  of  the  nonlinear  susceptibil- 
ity and  the  transition  rate  for  stimulated  TPE  and  ASRS 
requires  a knowledge  of  the  energy  levels  and  the  electric 
dipole  matrix  elements  of  all  intermediate  states  that  connect 
the  initial  and  the  final  states.  In  principle  the  necessary 

quantities  may  be  calculated  quantum  mechanically  using 

20 

approximate  wave  functions.  For  hydrogenic  systems  and 
alkali  atoms  such  calculations  are  feasible.  However, 

in  practice,  spectroscopic  data  and  the  experimental  transition 
strengths  provide  a limited  amount  of  the  required  information 
in  many-electron  atomic  systems.  This  appendix  describes 
useful  relationships  between  the  empirical  quantities  and  the 
matri.x  elements  and  some  methods  of  determining  the  relative 
signs  of  the  products  of  reduced  matrix  elements,  Rj^  , that 
appear  in  Eqs.(C.20a,  20b,  20c,  20d  and  20e)  of  Appendix  C. 

In  one  photon  transitions  electric  dipole  matrix  element 
determines  the  spontaneous  emission  rate.  A , which  is  given  by 


1 / 4 \ 

A(yJ^Y’J')  = o 

2J  + 1 \3ti  c / 

<yJ||  V IIy'J'> 
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where  uj  is  the  transition  frequency  in  radian-sec” 

The  reduced  matrix  element  of  u is  also  related  to  the 
oscillator  strength  f according  to 


f(YJ^Y'J')  = — ^ 

<YJ|i  y I1y'J'> 

2J  + 1 

\3fie^/ 

(D.2) 


Eq.  (D.2)  may  be  expressed  in  terms  of  other  physical 
constants  of  atomic  scale  to  give  a simple  formula  for  the 
square  of  the  reduced  matrix  element. 


<yJ)|  p 


(2J  + 1)  f(YJ^Y'J’)  (ea^)^ 


(D.3) 


where  e is  the  electron  charge,  a^  is  the  Bohr  radius, 

R is  the  Rydberg  constant  (109737  cm~^),  and  v is  the 
transition  frequency  in  cm”^  . Since  strongly  allowed 
transitions  have  f values  on  the  order  of  unity,  Eq.  (D.3) 
gives  a reasonable  estimate  for  the  magnitude  of  the  reduced 
matrix  element  when  accurate  data  are  not  available. 

The  empirical  parameters  A and  f determine  only  the 
magnitude  of  the  reduced  matrix  element.  The  sign  information 
cannot  be  obtained  from  one  photon  transition,  since  the  reduced 


132 


matrix  element  always  appears  as  a squared  quantity.  However, 
the  sign  of  the  reduced  matrix  element  may  be  obtained  theo- 
retically for  atomic  systems  in  which  the  radial  integrals 
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can  be  computed  numerically  with  reasonable  accuracy. 

Therefore,  the  combination  of  empirical  parameters  and  approx- 
imate theoretical  calculations  provide  one  method  of  obtaining 
both  the  sign  and  the  magnitude  of  the  reduced  matrix  element. 

For  atomic  systems  in  which  the  radial  integrals  are  not 
available  an  analysis  of  the  perturbed  wave  functions  in  the 
intermediate  coupling  scheme  provides  another  semi-empirical 
technique  for  determining  the  relative  signs  of  reduced  matrix 
element  products,  Rj^  , in  Eqs.(C.20a,  20b,  and  20c)  . The 
analysis  is  based  on  the  relationship  between  Rj^  and  the 
mixing  coefficients  of  the  perturbed  wave  functions. 

The  angular  momentum  coupling  scheme  most  often  used  to 
label  atomic  states  is  the  Russel-Saunders  case  in  which  the 
total  angular  momentum  is  formed  by  a vector  sum  of  the  total 
orbital  and  the  total  spin  angular  momenta.  This  L-S 
coupling  scheme  is  a good  approximation  when  the  electrostatic 
interaction  among  the  electrons  dominates  over  the  spin-orbit 
interaction.  However,  in  many  atoms  the  spin-orbit  interaction 
is  a significant  perturbat ion , and  the  perturbed  states  | SLJM  > ^ 
must  be  described  by  a linear  combination  of  the  L-S 
basis  functions  |S'L'JM>.^^ 

|SLJM>j  a |SLJM>  + ^ Cg,^,  |S'L'JM>  (D.4) 

S'L'  I 
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where  the  mixing  coefficients  are  given  by 


o _ ' spin-orbit  ' 

'^q  I T I 

^ ^ { S - 8 ') 


(D.5) 


fi  and  8'  are  the  unperturbed  energies. 

The  formulas  in  Eqs.  (D.4  and  D.5)  may  be  applied  to 
a specific  electron  configuration  using  the  tables  of  the 
spin-orbit  interaction  matrix  elements^^  and  the  spectro- 
scopic data  for  the  perturbed  energy  levels.  For  example, 
a two-electron  system  with  s£.  configuration  has  the 

following  perturbed  states  which  are  symbolically  represented 

2S  + 1.  ... 

in  the  Lj  notation. 


|Y^Lj^>=alOL)lM>+6|lL)lM>  (D.6a) 

|Y^Lj,>=aIlL^M>  - 6|0LJIM>  (D.6b) 

Iy  = |1  L i±l  M > (D.6c) 


where  L = £,  and  y represents  other  relevant  quantum  numbers. 
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The  mixing  coefficients  are  given  by 


11 

— = 4-  g (D.7a) 

a 83  - 

= 1 (D.7b)  i 

I 

where  ^ is  the  spin-orbit  interaction  parameter  determined 
from  spectroscopic  data,  and  83  - 8^^  is  the  energy  difference 
between  the  triplet  and  the  singlet  states  due  to  electro- 
static interaction. 

Using  Eqs.(D.6a,  6b,  and  6c)  the  reduced  matrix  elements 
in  the  intermediate  coupling  scheme  can  be  expressed  in  terms 
of  the  L-S  coupling  basis  functions. 

<Y  ^Ljll  y IIy'  > = aa'<Y  OL  J|1  y IIy'  OL'J' > 

(D.8a) 

+ 6 6'<y  1 L J||  y IIy'  1 L'J'> 

<Y  ^Ljll  ^IIy'  > = a’B  <Y  1 L Jll  y IIy’  1 L’J’> 

(D.8b) 

-a  6'<y  OL  Jj|  y 1|y'  0L'J'> 

<Y  %||p  IIy’  > = a ci’<Y  1 L J||  y IIy’  1 L’j’> 

(D.8c) 

+ B 6'  <Y  OL  J||  y IIy’  0 L'J'> 
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Equation  (D.8b)  is  significant  in  that  the  non-vanishing 
values  of  the  reduced  matrix  element  give  rise  to  inter- 
combination (AS  f 0)  transitions. 


The  reduced  matrix  element  in  the  L-S  coupJ ing 
scheme  may  be  simplified  further  using  the  following  relation 

<Y  S L J||  IIy’S'L' J'> 

= (-1)'^'  ^ ^ ^ yr2J  + 1)(2J'+ 

J S ) 

> <Y  L||  IIy’L-  > 

L'  1 ) (D.9) 


where  the  factor  with  the  braces  is  the  Wigner  6j  symbol. 
Thus,  the  reduced  matrix  element  for  the  S = 0 and  S = 1 
cases  are  proportional  to  a common  factor  as  shown  by  the 
following  relations. 


<Y  0 L JHvIIy'O  L' J’  > 


J L.j.<YL||i:|W'L'> 


and 


(D.lOa) 


<Y  1 L J||y  IIy’1  L'J'> 


J,L' J'  lU’L'  > 


(D.lOb) 
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The  parameters  o and  t are  defined  by 


L + L’ 


/(2L  +'3)(2L'  + 3) 


L L+1  0 


L’+l  L'  1 


‘j,L+l  ‘^J’  ,L’+1 


(D.lla) 


L + J' 


v/(2J  + 1)(2J'  + 1 ) 


L J 1 


J'  L’  1 


(D.llb) 

The  numerical  value  of  a and  x can  be  computed  by  evaluating 

59 

the  6j  symbols  using  the  tables. 

The  product  of  reduced  matrix  elements,  Rj^  , in  the  inter- 
mediate coupling  scheme  can  now  be  expressed  in  terms  of  the  L-S 
coupling  matrix  elements  using  Eqs.  (D.8a,8b  and  8c)  and 
Eqs.  (D.lOa  and  10b).  The  following  formulas  give  for 

various  transitions. 


AS  = O transitions 

For  singlet  transitions  between  and  , the 

formulas  are 


<Y  1!y’  IIy’  >* 

= ^ (a  J L- J.  ® ®'‘^L  J,L' J' ^ 

X ( J - ® L"  , J"  , L ' J ' ^ 
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(D. 12a) 


and 


<Y  \||^1|y'  ^l^.Xy"  ^L”„||m1!y'  ^Lj.>* 


AS  = 1 transitions 


For  intercombination  transitions  between  Lj  and 
. The  products  of  the  reduced  matrix  elements  are 
given  by 


<7  ^LjIUIIy’ IIy' 


x(a'B  L-j'  “ J’ ^ 


<Y  ^Ljll  y IIy’  ^l^.Xy”  IIy’ 


^ J,L' J'  ® J,L' J’ ^ 


X (a'a"OL..jM  L' j-  ^ J"  , L ' J ' ^ 


(D.14a) 


(D.14b) 


Therefore,  according  to  Eqs.(D.12a,  12b  and  12c), 

Eqs,  (D.13a  and  13b),  and  Eqs.  (D.14a  and  14b)  the  relative 
signs  of  the  products  of  reduced  matrix  element  for  each 
intermediate  state  having  the  same  configuration  may  be 
determined  in  terms  of  the  mixing  coefficients  and  the 
numerical  factors  a and  t defined  in  Eqs.  (D.lla  and  11b). 
Since  states  having  the  same  configuration  generally  have 
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nearly  the  same  energies,  the  above  analysis  is  suitable 
for  treating  the  near-resonance  Raman  scattering  in  the 
intermediate  coupling  scheme. 

The  effect  of  the  sign  of  the  reduced  matrix  element 
does  not  appear  in  one  photon  or  linear  optical  process. 

However,  nonlinear  optical  effects  depend  on  the  sign  of  the 
matrix  element  products  according  to  Eqs.  (C.5a  and  5b).  Thus, 
nonlinear  optical  processes  may  be  used  to  experimentally 
determine  the  relative  sign  of  the  matrix  element  products. 

One  such  method  was  demonstrated  by  Vriens  and  Adriaansz^"^ 
using  depolarization  measurement  of  Raman  scattering  intensity 
as  a function  of  frequency.  The  technique  is  based  on  a 
comparison  between  the  experimentally  measured  depolarization 
ratio  and  the  calculated  values  for  Raman  scattering  near  two 
intermediate  states.  Since  Raman  intensity  depends  on  the 
polarization  of  the  scattered  light  and  the  interference 
between  the  two  intermediate  states,  the  calculation  can  yield 
two  different  depolarization  ratios  corresponding  to  constructive 
and  destructive  interference  cases. 

The  depolarization  ratios  are  calculated  using  Eqs. (C. 20a, 
20b,  20c,  20d  and  20e)  and  the  known  values  of  the  magnitude 
of  the  reduced  matrix  elements  for  each  of  the  two  possible 
relative  signs  of  the  reduced  matrix  element  products,  Rj^  . 

Since  the  amount  of  interference  depends  on  the  frequency  de- 
tuning from  the  intermediate  states  the  calculated  ratios  also 
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depend  on  the  incident  field  frequency.  Therefore,  a 
comparison  of  the  experimental  values  and  the  calculated 

I 

ratios  at  various  frequencies  determines  the  proper  choice 

j of  the  relative  sign  of  R,  . 

I K 
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Proposed  atomic  mercury  anti-Stokes  frequency  converter 

H.  Koortine  and  R.  L.  Byer 

Mkfvmawt  Laboratory.  W.  W.  Hatuan  Laboratorin  ^ fhyuct,  Stanford  C/aiivfsdy.  Stanford, 

Califitmia  94305 

(lUccived  20  March  1975;  ia  ftnal  form  9 June  1975) 

Ws  proeoae  to  use  population  stored  in  the  radiativety  trapped  6*^  atomic  mercury  reaonant  level 
(1850  A)  for  frequency  conversion  by  an  anti'Stokes  or  two-photon  proces  Inversion  it  with  respect  to 
the  lower-iyini  ^ levels  which  are  assumed  empty  followinf  selective  quenching  or  rapid  conversion  to 

the  mercury  dioier.  Pbotoe  conversion  gauis  of  2.5X  10'^  cra/MW  for  1.06-^  and  l.7x  I0~’  cm/MW  for 
10.4‘fun  input  wavelengths  with  corresponding  0.4157-  and  0.9116-^un  output  wavelengths  are  calculated 
at  a 10'*-cai~*  inversion  density. 

PACS  numbers:  )2.I0.K.  42.6aL 


Recent  requirements  for  high'energy  User  sources 
and  frequency  conversion  of  existing  high -energy  lasers 
Co  shorter  wavelengths  for  application  to  laser  fusion 
has  led  to  reconsideration  of  the  two-photon  laser  first 
proposed  by  Sorokin  8nd  Draslau.  ^ In  its  ideal  form  the 
two -photon  User  stores  energy  in  a metastable  level 
without  supcrfluorescence  limiting  until  induced  to  emit 
by  an  Intense  input  trigger  pulse.  Inversion  densities 
of  greater  than  10^*  cm*^  are  needed  to  obtain  adequate 
energy  storage  and  g^ln  for  the  two-photon  scattering 
process.  To  avoid  superfluorescence  at  the  high  inver- 
sion densities,  an  energy  level  scheme  must  be  found 
that  precludes  any  single -photon  transition  out  of  the 
Inverted  Level.  Unfortunately,  the  high  Inversion  den- 
sity and  level  scheme  requirements  have  not  yet  allowed 
the  two-photon  laser  to  be  achieved  in  the  laboratory. 

The  atomic  iodine  system  with  inversion  produced  by 
plxitodlssociation  on  the  spin  orbit  split 
(1.315  Mm)  ground -state  transition  has  been  suggested 
as  a candidate  for  two-photon  conversion.’  Unfortunate- 
ly, the  Inversion  density  is  limited  to  approximately 
3x10'*  cm'*  by  superfluorescence  which  leads  to  a low 
saturation  intensity  and  anti -Stokes  gain.  ’ The  lack  of 
nearly  atomic  levels  to  resonantly  enhance  the  third - 
order  suaceptlbiilty  also  limits  the  gain  in  the  iodine 
system.  Nevertheless.  Carmen  and  Lowdermilk*  have 
demonstrated  e’  * gain  in  iodine  using  a visible  dye 
laser  to  probe  the  anti -Stokes  up-shifted  l.OS-pm  pump 
wave. 

An  Investigation  of  the  Periodic  Table  for  atomic  sys- 
tems with  metastable  levels  that  allow  energy  storage 
and  two-photon  processes  showed  that  there  are  very 
few  candidates.  Of  those  Investigated,  a number  such 
as  T1  are  similar  to  iodine  with  split  ground -state 
levels.  In  such  cases  inversion  must  be  obtained  with 
respect  to  the  ground  state  making  a high  inversion 
density  difficult  to  achieve.  None  of  the  atomic  systems 
with  higher-lying  metastable  levels  met  the  require- 
ment of  no  single-photon  radiative  decay  from  the  upper 
two-photon  level. 

However,  atomic  mercury,  though  lacking  a truly 
mctastable  state  above  the  levels  does  offer  the 

possibility  of  obtaining  inversion  between  the  6T,  and 
levels.  The  6‘P,  level  does  not  decay  by  siiiglc- 
photon  decay  to  the  lower-lying  levels.  Further- 

more, It  is  radlatively  trapped  with  respect  to  the  6'5, 
ground  state  at  high  vapor  densities,  thus  bccuniing 
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effectively  metastable.  In  addition,  the  higher-lying 
mercury  levels  with  their  relatively  strong  singlet- 
triplet  Intercombination  transitions  provide  resonant 
enhancement  of  the  susceptibility,  leading  to  significant- 
ly improved  anti -Stokes  and  two-photon  gains. 

Figure  1 shows  a simplified  energy  level  diagram  for 
atomic  mercury.  For  the  present  case,  we  assume  that 
the  6'P,‘  level  la  inverted  with  respect  to  the 
levels.  Possible  methods  for  obtaining  the  required  In- 
version are  discussed  later. 

If  we  let  I and  7 denote  the  initial  (‘P,°)  and  final  (’P“) 
levels  of  mercury  and  let  l^  and  I,  be  the  input  intensity 
and  the  output  anti  -Stokes  or  two -photon  Intensity,  then 
the  equations  governing  the  generated  intensities  are 

dl,/di  = t 5,;,/„ 

d/,/dr  = 8,/,/,.  (1) 

where  the  positive  sign  applies  to  the  two-photon  process 
where  w,,  = w,  * w,,  and  the  negative  sign  describes  the 
antf -Stokes  case  where  w,,  + w,  = w,.  The  gain  coeffi- 
cients related  by  their  frequency  ratio  8,/5,  = <.;,/«,  are 
given  by 


(.V) 


Fir,.  I.  .Ximpllficri  enorgy  level  scheme  for  atomic  mercury 
showing  the  trnnsitions  used  in  forming  Ihe  suit,  over  interme- 
diate levels  for  cal<nj1.sting  the  sntl-Ftokes  and  two-photim  gsin 
cocfflclenis, 
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«,  = «,AJV|J,|*/2«  (*) 

where  AM  le  the  population  inversion  density,  n,  and  n, 
are  indices  of  relractlon,  and  Au,,  is  the  elective 
llnewldth  ol  the  two-photon  levels  or  the  Incident  laser 
linewldth  whichever  Is  larger.  The  summation  term  is 

1^  U**>U<*'  I* 

E = . (3) 

• I I » "l  » “w  “l  + "•(  I 

where  the  superscripts  indicate  the  dipole  component 
projection  In  the  polarization  direction  o(  wave  (1)  or 
(2)  and  the  plus  and  minus  signs  again  denote  the  two- 
photon  and  anti  -Stokes  processes . 

Equation  (1)  shows  the  two -photon  process  results  in 
gain  at  both  /i  and  /j  while  the  anti -Stokes  process  de- 
pletes /,  during  the  conversion  to  If  However,  the 
equations  describe  a simplified  interaction  in  which 
conversion  losses  to  higher-order  Stokes  and  competing 
two -photon  or  anti -Stokes  processes  are  neglected. 
Similarly,  saturation  of  the  inversion  is  also  not  in- 
cluded. Limitations  due  to  competing  processes  and 
saturation  have  been  recently  considered.’  Here  we 
assume  that  one  process  dominates  and  leads  to  deple- 
tion of  the  Input  wave  or  the  papulation  Inversion  before 
significant  losses  occur  via  other  channels.  This  situa- 
tion applies  to  stimulated  Raman  scattering  and  has 
been  considered  for  that  case.’  For  stimulated  Raman 
scattering  approximately  40%  photon  conversion  effi  - 
clency  Is  reached  before  higher-order  Stokes  generation 
becomes  important.  A similar  photon  conversion  effi- 
ciency should  be  possible  for  the  two-photon  and  anti- 
Stokes  processes. 

The  anti -Stokes  gain  factors  given  by  Eq.  (2)  are 
listed  in  Table  1 for  1.06-  and  10.6'pm  input  wave- 
lengths. The  summation  Is  taken  over  intermediate 
states  for  which  oscillator  strengths'""’  and  signs"  '* 
are  known.  For  the  1.06-iim  input,  close-lying  inter- 
mediate levels  for  the  anti -Stokes  case  provide  signifi- 
cant gain  improvement.  The  two-photon  gain  for  both 
1.06-  and  10.6-iim  Inputs  Is  slightly  less  than  the 
10.  6-pm  anti -Stokes  gain  owing  to  the  lack  of  resonant 
Intermediate  states  between  the  O’P,"  and  6’PJ  , , levels. 
The  calculated  unsaturated  gams  assume  a 10^‘-cm'’ 
Inversion  density  and  a linewidth  determined  by  pres- 
sure broadening  of  the  6‘P,  resonance  level.  ’’  These 
gains  are  more  than  adequate  tor  efficient  single-pass 
anti -Stokes  conversion  at  intensities  of  lees  than  10* 
W/cm*  which  is  well  below  gas  breakdown  intensity 
limits  for  even  I atm  of  total  mercury  vapor  pressure. 


Atomic  mercury  meats  the  requirements  for  a poten- 
tial two-photon  or  anti -Stokes  laser  medium  if  popula- 
tion Inversion  can  be  achieved.  It  Is  not  yet  clear 
whether  electrical  excitation  methods  will  produce  high 
inversion  densities.  However,  radiation  trapping  of  the 
8‘PJ  level  and  rapid  quenching  of  the  6’Pi,.,_,  levels 
enhance  the  probability  of  success. 

Radiation  trapping  is  well  known  and  has  been  con- 
sidered In  detail  by  Holstein.  " The  trapped  lifetime  r 
in  a cylinder  ol  radius  R is  considerably  increased 
over  the  untrapped  radiative  lifetime  by  the  factor  \/g 
where 


* ?i  y,  ' 


where  *,  is  the  absorption  coefflclent  on  line  center,  ,V 
18  the  ground 'State  population  density,  aiid  iTi  are  the 
level  degeneracies,  and  and  y,  are  the  natural  and 
pressure -broadened  linewidths. 

The  absorption  coefficient  increases  with  pressure 
until  the  pressure -broadened  linewldth  equals  the 
Doppler  width.  For  the  6^P, -6*So(105O  A)  resonant 
transition  in  mercury,  the  density  at  which  this  occurs 
is  near  2xl0‘*  cm"’  at  300  C.  At  this  density  it,*  1.6 
<10*  and  4. 4*10'V  The  radiatively  trapped  lifetime 
of  the  transition  is  therefore  approximately  3 ^sec  in 
a 1-cm-dtam  cylinder.  Apparent  lifetimes  as  long  as 
20  psec  have  been  observed. 

Radiation  trapping  is  also  present  for  the  triplet -to- 
singlet  2S37-A  resonant  line.  However,  in  this  case, 
unlike  the  1650-A  transition,  quenching  by  foreign  gas 
molecules  such  as  hydrogen  Is  very  effective  m rapidly 
reducing  the  triplet  level  population.  Based  on  mea- 
sured quenching  cross  sections,  I Torr  of  hydrogen 
in  100  Torr  of  mercury  vapor  leads  to  triplet  level 
quenching  in  approximately  10"’  sec,  which  is  30  limes 
shorter  than  the  radiatively  trapped  6*P|  lifetime.  Fur- 
thermore. Hj  has  a significantly  smaller  cross  section 
for  quenching  the  level  compared  to  the  6’P,  level'* 
and  Hj  does  not  collisionally  induce  a 6‘Pj-to-6^Pi 
intersystem  transition.  Thus  selective  quenching  may 
enable  population  inversion  to  be  achieved  in  the  after- 
glow of  a mercury  discharge.  Additional  processes  such 
as  the  formation  of  Hgj  dimer  molecules  from  the  trip- 
let levels  may  also  proceed  rapidly  enough  at  higher 
pressures  to  reduce  the  triplet  level  population.  Based 
on  the  measured  rate  constant*®  for  the  production  of 


TABLE  I.  Antl-stotvi  and  two-photon  gains  In  atomic  mercury  for  1 .06-  and  l0.6-»im  Input  wavelengths. 


Antl-Stokea  Raman 
Initial  state  1 

X,  (Incident):  \ (scattered) 


Two-photon  emission 
Initial  state  I 

\ (Incident):  \ (generated) 


I Hg,*  trom  Hg  (’P.)  of  »=  3.4 1 1. 7*10*“  cm'mor'sec'* 

I th«  formation  rate  of  Hg,*  la  3.4*10’  aec*'  at  t}=^  lO" 

I I cm'*.  Thua  at  preaaures  above  100  Torr  depopulation 

of  the  triplet  levela  by  dimer  formation  Is  rapid  enough 
to  enture  Inversion. 

I Electrical  excitation  of  mercury  has  been  the  subject 

of  theoretical  studies.  *‘"**  Rockwood**  has  calculated 
excitation  rates  to  the  singlet  and  triplet  levels  from 
I previously  measured  electron  scattering  cross  sections 

for  mercury  using  a comprehensive  model.  Binary  ex- 
I citation  rates  to  the  6‘P,  and  O’Po.i,,  levels  are  approxi- 

mately 10*'*  and  10"*  cmVsec  at  an  E/ti  of  10*“  Vcm*. 

I Excitation  to  higher-lying  atomic  levels  is  negligible. 

These  excitation  rates  lead  to  high  fractional  excitation 
of  the  mercury  electronic  levels  for  E/S  in  the  range  o.’ 
3*10*”— 10*”  cm*.  Furthermore,  at  £/N  near  10‘“ 
Vcm*  the  fractional  ionization  Is  small  such  that  elec- 
tron-electron collisions  are  not  Important  and  thermall- 
I zatlon  of  the  medium  is  avoided. 

t 

Although  population  Inversion  in  mercury  by  electrl- 
I cal  excitation  has  not  been  demonstrated  experimentally, 

the  two-photon  and  anti -Stokes  gains  calculated  In  this 
paper  can  be  measured.  One  approach  Is  to  use  two- 
photon  absorption  at  the  6'So-to-7‘Sg  transition  to  popu- 
late the  7‘So  level  which  subsequently  decays  to  the 
lower  6'P|  level  creating  the  required  population  inver- 
sion with  respect  to  the  S’Pg,,.,  levels.  A second  ap- 
proach Is  to  use  resonance  excitation  at  2337  A to  popu- 
late the  6’Pg,,  levels  and  measure  the  cross  section  to 
the  6'P|  level  by  Raman  scattering  on  the  noninverted 
population  density. 

In  summary  we  have  shown  that  atomic  mercury  has 
high  two-photon  and  anti -Stokes  gain  coefficients  for 
Inversion  between  the  6‘P,  and  6’Pg,i,,  levels.  At  mer- 
cury densities  of  10'*  cm"*  or  greater  electrical  excita- 
tion of  the  radiatively  trapped  6'P,  level  followed  by 
rapid  quenching  of  the  6*Pg,i,,  levels  by  hydrogen  or  Hg,* 
formation  may  provide  a possible  method  to  obtain  the 
required  population  Inversion  without  the  superfluores- 
cence  limit  characteristic  of  single-photon  amplifiers. 
Finally,  anti -Stokes  amplifiers  may  be  advantageous  in 
laser  fusion  applications  by  providing,  In  addition  to 
frequency  up -conversion,  isolation  from  waves  reflect- 


ed back  from  the  target  due  to  nonlinear  frequency  con 
version  and  to  amplifier  saturation. 
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